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Abstract 
REFRIGERANT-SIDE INSTRUMENTATION IN ROOM AIR CONDmONERS 
Aaron eale Jensen, M.S. 
Departtnent of Mechanical and Industrial Engineering 
University of Dlinois at Urbana-Champaign, 1996 
W.E. Dunn, Advisor 
A refrigerant-side instrumentation system has been developed, installed, and utilized to 
obtain steady-state data from a 1.5-ton capacity room air conditioner for the continued validation 
of a simulation model. This report describes the design, in situ calibration, and verification of 
three venturi meters used to provide minimally intrusive measurements of refrigerant mass flow 
rate in the discharge, liquid, and suction lines. The specification and implementation of 
immersion thermocouples and pressure transducers used to directly measure refrigerant 
. temperatures, absolute pressures, and pressure drops is also described. Using companion data 
from thennocouples affixed to refrigerant tube surfaces, comparisons are made between surface 
and refrigerant-side instrumentation methods and recommendations are given regarding the 
simplest, cheapest, and most accurate methods for measuring refrigerant temperatures, pressures, 
and mass flow rate in room air conditioners. As well, the intrusive effects of refrigerant-side 
instrumentation on room air conditioner perfonnance are investigated. Lastly, perfonnance tests 
using R407C, a promising alternative to R22 in room air conditioners, are reported for the 
purpose of validating the simulation model with alternative refrigerants. 
The venturi meters provided refrigerant mass flow rate within ±2% and revealed that the 
discharge and liquid lines are best suited for venturi mass flow measurements. With the proper 
installation and insulation, surface thermocouples can be used to provide refrigerant temperatures 
within ±1-2 OF for the two-phase regions and outlets of the condenser and evaporator. 
Unavoidable intrusions on room air conditioner performance are introduced by the instruments 
themselves and the process of installing them (cutting open tubes, removing and reinstalling 
compressor, etc.). The effect of increased system volume can be controlled by increasing charge. 
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1.1 Background and Motivation 
Chapter 1 
Introduction 
The Air Conditioning Systems Project is an ongoing investigation within the Air 
Conditioning and Refrigeration Center (ACRC) aimed at understanding and optimizing small-
capacity room and split-system air conditioning systems. The main goal of the project is the 
continued development and validation of a room air conditioner (RAC) simulation model 
(RACMOD) aimed at providing manufacturers with a robust and flexible design tool. The 
demand for such tools is high as air conditioner manufacturers concentrate more of their product 
development efforts in the areas of system and component research to improve energy efficiency 
in appliances and slow the depletion of the ozone layer. 
Experimental validation plays a major role in the development of RACMOD. In order to 
supply the data necessary for model validation, a calorimeter facility was developed to test RACs 
under a wide range of operating conditions. The facility consists of two thermally-isolated 
calorimeter rooms - one simulating the indoor or household environment, the other simulating 
the outdoor environment - separated by a partition into which a RAC can be inserted. Indoor 
and outdoor room conditions are controlled to span the wide range of operating temperatures and 
humidities necessary for proper model validation. The first set of experimental data was 
acquired using a Whirlpool RAC having a capacity of 1.5 tons of refrigeration and using R22 as 
the refrigerant (Bridges and Bullard, 1995). The RAC was instrumented with type-T 
thermocouples which were either attached to tube and component surfaces to provide refrigerant 
and component temperatures or mounted in air streams to provide various air temperatures. 
System pressures were provided by two-phase heat exchanger temperature measurements and 
pressure drop correlations. This initial data supplied the basis for RACMOD validation; 
however, further improvement in the predictive ability of RACMOD required the installation of 
refrigerant-side instrumentation. 
1.2 Purpose 
The primary purpose of this report is to describe the design and installation of a 
refrigerant-side instrumentation system used to provide more accurate data for the validation of 
RACMOD. The specification and implementation of immersion thermocouples and pressure 
transducers used to directly measure refrigerant temperatures, absolute pressures, and pressure 
drops throughout the RAC is reported. Three venturi mass flow meters were designed, installed, 
and validated to deliver a minimally intrusive measurement of RAC mass flow rate. Results 
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obtained from these instruments were used to identify the proper pressure drop, heat transfer, and 
void fraction correlations for the model. Moreover, the accuracy of the mass flow rate supplied 
by the manufacturer's compressor map was determined and empirical corrections suggested. 
When used in concert with the surface instruments, the refrigerant-side instrumentation 
also provides information that is utilized to examine two key issues: 
(1) How much better is refrigerant-side instrumentation at measuring refrigerant conditions 
and what combination of surface and refrigerant-side instrumentation provides the 
simplest, cheapest, and most accurate measurements? 
(2) What effect does the refrigerant-side instrumentation system have on RAC performance? 
By comparing results obtained simultaneously from both surface and refrigerant-side 
instruments, the actual ability of the surface instruments to measure refrigerant conditions is 
determined. This will help future experimental efforts choose the easiest instrumentation 
methods without sacrificing accuracy. By comparing the surface instrumentation results from 
the initial RAC tests with those from the subsequent refrigerant-side RAC tests, the intrusion 
introduced by the refrigerant-side instrumentation system is quantified and recommendations are 
made to minimize this intrusion. This includes not only the intrusion introduced by the 
instruments themselves but also the process of installing them. This is important to the primary 
goal of RACMOD validation because changes in system performance and operation can affect 
the accuracy of certain correlations used in the model. 
Finally, RACMOD must have the ability to predict RAC performance when using any of 
the alternative refrigerants proposed to replace R22 following the Clean Air Act of 1990. One of 
the promising replacements is R407C, a 23/25/52 mass percent mixture of R32, R125, and 
R134a, respectively. Results from tests using R407C in the Whirlpool RAC are presented as is a 
description of the modifications made to the RAC for the introduction of R407C. 
2 
Chapter 2 
Experimental Facility 
Proper experimental validation of RACMOD requires a facility able to span and control a 
wide range of test conditions and provide accurate measurements of important variables such as 
refrigerant temperatures, pressures, and mass flow rate. The purpose of this chapter is to 
describe the experimental test facility used to provide the necessary data for RACMOD 
validation. This includes the calorimeter rooms which produce the indoor and outdoor test 
environments, the RAC used for all tests, and the instrumentation implemented throughout the 
calorimeter rooms and the RAC. Section 2.1 gives an overview of the calorimeter rooms 
previously designed and validated to produce test environments and describes the surface 
instrumentation applied to the Whirlpool RAC for initial RACMOD validation. It also 
summarizes the development and status of RACMOD and explains the test procedures used to 
acquire steady-state data. The primary focus of this report is the refrigerant-side instrumentation 
installed within the RAC to provide accurate validation data and to investigate the validity of 
both surface and refrigerant-side instrumentation methods. Section 2.2 presents the specification, 
design, and implementation of this instrumentation and explains the effects of introducing 
refrigerant-side instrumentation. 
2.1 Air Conditioning Systems Project Overview 
2.1.1 Calorimeter Test Facility 
The Air Conditioning Systems Project test facility consists of a calibrated room 
calorimeter conforming to ASHRAE Standard 16-1983 (1983). The calorimeter is composed of 
two thermally isolated rooms - one modeling the indoor environment and the other modeling the 
outdoor environment - whose only intended interaction is through the RAC placed in the 
partition separating the two rooms. The indoor room has independent control of both air 
temperature and humidity while the outdoor room can control air temperature only. Figure 2.1.1 
shows the major components involved in the environmental control of both rooms. A detailed 
description of the design of the indoor and outdoor rooms is provided by Fleming and Dunn 
(1993) and Feller and Dunn (1993), respectively. Rugg and Dunn (1994) provide further design 
information for both rooms and describe the test procedures and results used to validate the 
facility. 
The facility can accommodate both RACs and split systems with capacities from 0.5 to 
2.5 tons of refrigeration. The indoor room can control temperatures from 50 to 120 OF and 
relative humidities from 5 to 95% while the outdoor room can control temperatures from 70 to 
3 
120 of. An ethylene-glycol chiller provides both sensible and latent cooling for the outdoor 
room to a capacity of 7 tons. All data acquisition is accomplished using a Fluke 2280 Datalogger 
having the capacity to measure 100 channels at 15 channels per second. The Fluke is interfaced 
with a Macintosh SE for data collection and monitoring. 
Indoor Room 
Outdoor Room 
North 
Cooling Coil 
and Fan' 
Guard Space 
Chiller 
Figure 2.1.1 Components and Layout of RAC Calorimeter Facility 
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2.1.2 Room Air Conditioner 
A Whirlpool1.5-ton air conditioning unit (Model #106.9721851) was the only RAC used 
for all the tests and results within this report. The unit contains a wavy-fin, three-circuit 
evaporator, a louvered-fin condenser, and a three-speed motor to run both the evaporator and 
condenser fans. The unit is powered by a rotary compressor (Matsushita Electric Co., Model # 
2K25S3R236A-6A) with an adjoined accumulator, and expansion is controlled by three 0.049 in. 
capillary tubes. As designed, the RAC utilizes R22 as the refrigerant and an alkylbenzene 
lubricating oil. All components are connected by copper tubing with brazed connections. The 
unit is housed in a protective cabinet that is attached to a cart and fitted with a vault-style foam 
collar. The partition wall contains a similar vault-style opening into which the entire RAC/cart 
assembly can be positioned and tightly secured, creating a gasket fitting which prohibits 
infIltration. 
The RAC was initially instrumented with type-T thermocouples attached to tube surfaces 
to measure refrigerant temperatures or mounted in air streams for air temperatures. This 
instrumentation provided nonintrusive measurements of RAC conditions for the initial validation 
of RACMOD. Figure 2.1.2 shows the general position of each surface thermocouple used to 
measure refrigerant temperatures and notes the state point designations used to describe their 
locations. 
® 
Condenser 
(CT) 
Capillary Tubes 
Evaporator 
6 
Compressor 
Accumulator 
Two-phase Region 
Superheated Region 
Subcooled Region 
Figure 2.1.2 RAC Surface Thermocouple Locations and State Point Designations 
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The circled points represent state points that actually have surface thermocouples 
associated with them while those not circled are simply used to note certain positions. The 
modifiers i and 0 define the inlet and outlet of the heat exchanger two-phase regions. Some of 
the circled state points actually represent averages of multiple thermocouple measurements. For 
instance, three capillary tubes are utilized for expansion and each enters the evaporator 
separately. Thus, the evaporator consists of three separate circuits which don't rejoin until the 
evaporator exit. The return bend location 7i is actually an average of three thermocouples, one 
on each of the three return bends at that location. The same is true of state point 9. 
The number of passes shown for each heat exchanger is not accurate but the 
thermocouple return bend locations are correct; thus, the thermocouple at state point 3 is actually 
on the last return bend before the condenser exit and the thermocouple at state point 2 is halfway 
through the condenser two-phase region. The locations of phase transition were determined 
through the use ofRACMOD and are only intended to be approximate. Obviously, the locations 
of phase transitions depend on the conditions under which the RAC is being tested. The results 
of the initial validation of RACMOD with the Whirlpool RAC are reported by Bridges and 
Bullard (1995). The introduction of refrigerant-side instrumentation did not alter the position of 
any of the surface thermocouples, but some of them did need to be removed and re-attached after 
the refrigerant-side instruments were installed. Further information on surface thermocouple 
installation and insulation is presented in Section 2.2.1.3. 
2.1.3 RACMOD Simulation Model 
The RACMOD simulation model is based on the Oak Ridge National Laboratory 
(ORNL) heat pump model originally developed by Fischer and Rice (1983). The original 
version included nearly 100 governing equations, most of which were taken directly from the 
ORNL model, and utilized R22 as the primary refrigerant. The most recent version has 
expanded to 175 governing equations including improved two-phase refrigerant heat transfer and 
pressure drop correlations, charge inventory equations, and a finite-difference capillary tube 
routine. It also has the ability to predict performance with R407C, a promising alternative 
refrigerant for replacement of R22 in RACs. The model is based in FORTRAN and utilizes a 
Newton-Raphson solution method which allows the equations to be listed in any order so they 
are easier to understand and modify. The reports by Hahn and Bullard (1993), Mullen and 
Bullard (1994), and Bridges and Bullard should be referenced for a detailed description of 
RACMOD and its development. 
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2.1.4 Steady-State Test Procedures 
In order for RACMOD to be as robust as possible, it had to have the ability to simulate a 
wide range of indoor and outdoor room operating conditions, which further required the RAC 
facility to span a similarly wide range of test conditions. As well, RACMOD had to have the 
ability to predict performance with both R22 and R407C. To meet these needs, an extensive test 
matrix was devised that consisted of 40 test conditions (28 dry coil and 12 wet coil) and provided 
the framework for all of the steady-state tests run in the RAC test facility. Figure 2.1.3 shows the 
conditions prescribed by the test matrix and notes the corresponding Air Conditioning and 
Refrigeration Institute (ARI) rating conditions (ARI, 1989) for RAC units. 
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1 1 1 1 1 
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-
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Figure 2.1.3 RAC Steady-State Test Matrix 
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120 
L Low fan speed 
M Medium fan speed 
H High fan speed 
Dry Dry evaporator 
coil test 
Wet Wet evaporator 
coil test at low and 
high fan speeds 
and indicated 
relative humidities 
A certain tenninology is employed in referencing test conditions throughout this report. 
A fully described set of test conditions consists of the indoor and outdoor room temperatures, the 
fan speed, an indication of whether the evaporator coil is dry or wet, and the indoor room relative 
humidity if the coil is wet. The form and order utilized to describe a set of conditions is 
indoor room temp. / outdoor room temp. - FAN SPEED - DRY or WET coil- relative humidity. 
For instance, the short form used to describe conditions of 80 OF indoor room temperature, 95 OF 
outdoor room temperature, high fan speed, and dry evaporator coil is 80/95-ID-DRY while the 
same temperatures with low fan speed and 38% relative humidity is 80/95-LO-WET-38. If a set 
of conditions is given as just 80/95 or 115/95 with no other modifiers, it is assumed to be at high 
fan speed and dry coil conditions. 
The experimental validation of RACMOD is an iterative process. The first set of test data 
provided steady-state R22 results using 47 thermocouples either attached to the refrigerant tube 
surfaces or mounted in numerous air-flow paths. This data set also utilized a Valhalla Digital 
Power Analyzer and a GE Power Meter to acquire RAC and indoor room power measurements, 
respectively. As will be detailed later in this report, the data sets that followed were provided by 
the same surface and air thermocouples along with refrigerant-side instrumentation in the form of 
immersion thermocouples, pressure transducers, and venturi flow meters. One such data set used 
R22 as the refrigerant while another utilized R407C. As each data set was acquired, it was given 
a designation to describe the refrigerant used and the order in which it was taken. The first set of 
steady-state data using surface thermocouples was classified R22 Data Set 1. The refrigerant-
side instrumentation was then installed and R22 Data Set 2 was completed for the venturi 
calibrations. The following two data sets contained incorrect or otherwise useless data. R22 
Data Set 5 contained all of the steady-state R22 data using the refrigerant-side instrumentation. 
The RAC was then modified to accept R407C and R407C Data Set 2 contained all of the steady-
state R407C data. This data set tenninology is used throughout this report to describe the origin 
of referenced data points and test conditions. 
2.2 Refrigerant-Side Instrumentation System Design and Construction 
As previously mentioned, an instrumentation system consisting of thermocouples affixed 
to tube surfaces or mounted in air streams was developed and installed in the RAC to provide an 
initial set of data to validate RACMOD. The results of this initial validation are documented by 
Bridges and Bullard (1995). In order to obtain more accurate validation data and detennine the 
overall quality of the surface measurements, a refrigerant-side instrumentation system was 
developed using immersion thermocouples, absolute and differential pressure transducers, and 
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venturi mass flow meters. This system was intended to provide reliable, accurate, and minimally 
intrusive measurements of each state point condition In this case, reliable measurements not 
only provide a repeatable measurement but do so in a leak-free environment. 
The following sections describe the specification, installation and, where necessary, 
design of the refrigerant-side instrumentation and summarize the modifications made to the RAe 
during the installation process. This includes all immersion thermocouples, pressure transducers, 
and venturi meters as well as a liquid-level measurement system for the accumulator. Figure 
2.2.1 shows the piping and instrument layout of the entire refrigerant-side instrumentation 
system and documents all relevant tube dimensions. Installing the refrigerant-side 
instrumentation required that the original tubes be opened or cut. One important aim of the 
refrigerant-side system was to minimize the changes (geometrical, obstructive, etc.) relative to 
the original system; however, the resulting modifications constituted an intrusion on the original 
system and a quantification of that intrusiveness is also presented. The a priori uncertainty for 
each instrument or measurement is included in the discussion while Appendix A details the 
methods and calculations used to determine both the a priori and a posteriori uncertainty for 
each measurement. 
2.2.1 Instrumentation 
2.2.1.1 Refrigerant Mass Flow Measurements 
Four major criteria impacted the choice of the mass flow measurement device utilized for 
the instrumentation system: size, pressure loss, accuracy, and cost. To ensure that the mass flow 
measurement was minimally intrusive, the device's volume and thermal mass had to be small and 
its overall dimensions on the same order as those of the tube into which it would be placed. As 
well, the loss in pressure through the device needed to be relatively small so as not the impact the 
system pressure at certain state points. Accuracy and cost are obvious considerations when it 
comes to any instrument. The previous method of predicting mass flow rate used the 
manufacturer's compressor map which provides a convenient value based on the evaporating and 
condensing temperatures and is accurate to ±5.0%. Based on this and the potential instruments 
available to measure mass flow rate, ±2.0% accuracy was determined as an acceptable target for 
the measurement. 
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Figure 2.2.1 Piping and Instrument Diagram for the R22 Refrigerant-Side Instrumentation System 
The group of instruments considered included venturi meters, flow nozzles, turbine 
meters, and Coriolis-effect meters. The venturi meter and flow nozzle correlate flow rate to a 
measured pressure drop through a decrease in. flow area, the turbine meter uses the frequency of 
a small turbine which is spun by the flow to obtain mass flow rate, and the Coriolis utilizes the 
frequency of vibration of a"U-shaped tube through which the flow passes. A formal analysis to 
determine the accuracy range of each of these instruments was not completed prior to the 
instrument selection; however, based on previous ACRC experience and numerous literature 
citings, each was determined to be within the ±2.0% range. Based on their ability to acceptably 
meet all of the criteria, venturi meters were deemed the best suited instrument choice for this 
application. Although venturis didn't provide the absolute best accuracy, their overall pressure 
loss and price were much smaller than the Coriolis or turbine meters. As well, their size could be 
made to be smaller than the Coriolis or flow nozzle. 
Once the decision had been made to utilize venturi meters, the position best suited for 
their installation in the air conditioner was considered. Although venturis are generally located 
where single-phase conditions and proper inlet and outlet lengths can be guaranteed, no 
infonnation was found on their use in an air conditioner where oil and two-phase flow can affect 
measurements. Thus, the decision was made to install a venturi in each of the discharge, liquid, 
and suction lines to determine which position offered the best measurement. It is well 
documented that differential pressure meters such as venturis don't accurately measure two-phase 
flows (Hobbs, 1987), so the suction-line venturi would probably not work for every condition 
under which the RAC is tested; however, the intended heuristic study of RAC refrigerant mass 
flow rate warranted the inclusion of a venturi in the suction line. 
As previously mentioned, the venturis had to fit into the air conditioner without creating 
any major intrusions on the system's operation. This meant they had to fit directly into the tubes 
at each location - significantly increasing or decreasing the tubes diameters was not an option. 
However, a search for "off-the-shelf' venturi meters revealed no commercially available venturis 
with an inlet diameter of less than 0.5 inches. As shown in Figure 2.2.1, both the discharge and 
liquid lines of the RAC are less than 0.5 inches. Thus, the decision was made to have the 
venturis custom made to fit the small dimensional requirements of the system. 
Both ISO (1980) and ASME (1971, 1989) provide guidelines for the design of 
differential pressure meters which should be referenced for a detailed description of the design, 
methods of use, and applications of venturis, orifice plates, and flow nozzles. As well, many 
companies manufacture flow meters which modify the design of the classical ASME venturi 
(Halmi, 1973; Miller, 1989; Hooper, 1962) to allow for shorter meter lengths (classical venturi 
designs can be relatively long) by prescribing alternative pressure tap locations and truncating 
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the divergent cone1• However, many of the modified-venturi designs have been reported to have 
inherent inaccuracies (Weston, 1996) and tend to have total pressure losses quite larger than the 
classical design. It should be noted that the ASME design guidelines for classical venturis do not 
provide strict dimensional requirements, rather they provide ranges in which certain dimensions 
such as inlet length or pressure tap diameters must reside; there is no "exact" classical venturi 
design. Any device referred to as a classical venturi conforms to these guidelines while devices 
referred to as modified-venturi tubes or venturi-type flow nozzles lie outside the guidelines. The 
accuracy and historical database of the classical venturi design was desired, and, based on ASME 
design guidelines and the RAC tube configurations, length would not be a problem except 
possibly in the liquid line. A company was chosen to manufacture and complete the design of 
three classical venturis. Appendix C gives the drawings of the final design for each venturi and 
further information regarding their design. The fmal venturi designs conform to the ASME 
guidelines for classical venturis except for the fact that they only contain one pressure tap at the 
inlet and throat sections. ASME standards generally require at least two taps at each location and 
recommend four, in either case to be symmetrically located about the inlet circumference and 
properly oriented depending on the fluid type. The purpose of additional taps is to average the 
pressure measurement in the presence of maldistributed velocity profiles. Due to dimensional 
requirements and the increased cost of machining the extra taps and subsequent annular 
connecting channels, it was decided that one tap at both the inlet and throat would be sufficient 
as long as proper calibration procedures and installation/orientation requirements were followed. 
Each venturi was designed to transmit a differential pressure from 0 to 5 psid. This 
provided the desired sensitivity and range for accurate mass flow rate measurements. It also 
ensured that the pressure loss through each venturi was minimal and that no flashing occurred in 
the liquid line. Based on R22 Data Set 1, all of the conditions in the test matrix required at least 
20 psi of pressure drop in the liquid line for flashing to occur. Venturis are designed to minimize 
the total pressure loss through the meter by diffusing the flow after the throat. While full 
recovery is not possible, classical venturis generally recover about 90% of the pressure drop 
through the throat; thus, the maximum possible total loss any location would see is 0.5 psi, which 
is a very small amount. 
As previously mentioned, venturis correlate mass flow rate to a drop in pressure through 
an area reduction. This correlation is derived by applying energy and mass balances from the 
inlet to the throat of the venturi. A full derivation will not be performed and can be found in 
many texts and reports (Benedict, 1977; Miller, 1989; Weston, 1996), but with the assumptions 
of no external work or heat transfer, isentropic flow, incompressible flow, and flat velocity 
profiles, the resulting equations are 
1 The divergent cone can be truncated up to 35% with no increase in the total pressure loss of the meter. 
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(2.2.1) 
and 
(2.2.2) 
where w is the mass flow rate, gc is the gravitational constant and the subscripts i and t refer to 
the inlet and throat conditions, respectively. Solving Equation (2.2.2) for each velocity and 
substituting them into Equation (2.2.1) gives an equation which can be solved for mass flow rate 
in the following form 
(2.2.3) 
where ~p is the venturi differential pressure, Pi - Pt. and E is the velocity of approach factor 
defined as 
(2.2.4) 
where ~ is the venturi diameter ratio, dtfDi. The final form of the equation includes three 
correction factors which account for thermal expansion, compressible flow, and any other effect 
contributing to nonideal flow. Thus, the formal equation for mass flow rate as measured by a 
venturi is 
(2.2.5) 
where Cd is the discharge coefficient, Fa is the thermal expansion coefficient, and Yi is the inlet 
adiabatic gas expansion factor. 
The thermal expansion coefficient accounts for any changes in the venturi inlet area 
resulting from a temperature difference between the venturi calibration and actual usage 
conditions (ASME, 1989). 
During derivation of Equation (2.2.5), the incompressible substance model was invoked 
for simplification; however; venturis are often used to measure mass flow rate of gases where 
expansion occurs in the converging section and Y i is introduced to account for this. The formula 
for Yi is actually a complicated function of the venturi relative pressure ratio, Rp (Pt/Pi), the inlet 
specific heat ratio, kj, and B (ASME, 1971; Miller, 1989) and is generally set to unity for Rp S 
0.1 if high accuracy is not a concern (Figliola and Beasley, 1991). As it turns out, Yi is a linear 
function of Rp for any venturi with a constant or even slightly varying inlet specific heat ratio. 
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The discharge and suction-line specific heat ratios are very insensitive to the changes in 
conditions encountered during RAC testing and they can be considered constant with virtually no 
loss in accuracy. Using REFPROP 5.0 to generate the necessary R22 and~Il407Gspecific heat 
ratio data for a wider range of conditions than those encountered in the discharge and suction 
lines, the correlations for both of the vapor lines were fitted to 
forR22 and 
Yi, disc = 0.62866*Rp + 0.37349 
Yi, suct = 0.63081 *Rp + 0.36926 
Yi, disc = 0.67959*Rp + 0.32041 
Yi, suct = 0.66906*Rp + 0.33094 
for R407C. By definition, Yi for the liquid line is 1. 
(2.2.6) 
(2.2.7) 
(2.2.8) 
(2.2.9) 
The discharge coefficient Cd is the ratio of the actual or measured mass flow rate to the 
theoretical mass flow rate and accounts for nonideal and systematic effects resulting from 
frictional losses through the converging section, vena contracta effects at the throat, errors in true 
static pressure measurements, and variable velocity profiles. It is most accurately determined 
through calibration 1 • The result of calibration is a correlation relating Gi to the inlet Reynolds 
number, Rei. A substantial literature collection is available to describe the discharge coefficient 
and its calibration relationship to Rei (Halmi, 1972 and 1974; Rivas and Shapiro, 1956; Hall, 
1959; Benedict, 1977; ASME, 1971). One of the key results presented in the literature is that Cd 
is constant for Rei ~ 2 x 105; however, this result is well established only for classical venturis 
with inlet diameters of 2 in. or greater. As will be shown in Section 3.1, a constant Cd is 
obtainable for smaller diameter venturis when Rei is on the order of 1 x 1()4. This result 
notwithstanding, a venturi should be designed to operate with Rei ~ 2 x 105 whenever possible 
because fitting an equation to the accepted nonconstant Cd curve (Rei < 2 x 105) is very difficult 
and is testament to the reason why no empirical correlations for Cd as a function Rei exist for 
venturis. Although calibrations are often performed in test stands or special calibration setups, in 
situ calibrations provide the best estimate of Cd. This type of calibration offers many advantages 
over other schemes, most notable of which is that installation uncertainty resulting from 
differences between a calibration stand and the actual system are absorbed into Cd. As outlined 
in ASME and ISO Standards, a certain length of straight inlet tube is recommended to help 
ensure a well-behaved velocity profile so the assumption of a flat velocity profile made during 
1 For inlet diameters of 2 inches or greater, ASME prescribes values of Cd based on 8, the operating Reynolds 
nwnber, and the method of manufacture. These values are generally accurate to ± 2% and result from years of 
empirical data (ASME, 1989). If the venturi design lies outside of these limits of use, it must be calibrated. 
Industries such as water treatment and utilities often use uncalibrated venturis with these prescribed values 
because calibration is too costly and usually unnecessary. 
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the derivation of Equation 2.2.5 is approximated. These lengths should be used regardless of the 
incorporated calibration scheme. However, if calibrations are not performed in situ, both the 
calibration set-up and the actual system must have the appropriate straight lengths or else the 
calibrated Cd will be different than the actual system~. As detailed by Kochen et al. (1989), 
questions regarding the validity and application of the recommended straight lengths still remain. 
2.2 .12 Pressure Measurements 
As previously mentioned, determination of the upstream and downstream states of each 
major RAC component was one of the primary motivations for the refrigerant-side 
instrumentation system. Along with temperature measurements, accurate and reliable pressure 
measurements were required to provide these states. As noted in Figure 2.2.1, the refrigerant-
side instrumentation system contained two absolute pressure transducers to measure both the 
high- and low-side pressures (500 psia), five primary differential pressure transducers, and two 
interim differential pressure transducers. Of the five primary differentials, three were dedicated 
to measure venturi pressure drops (±5 psid) and two were dedicated to measure heat exchanger 
pressure drops (±10 psid for the evaporator and ±25 psid for the condenser). By using 
differentials across the heat exchangers as opposed to absolutes at both the inlet and outlet, the 
upstream and downstream pressures could be detennined without any loss in accuracy while the 
pressure drop through the heat exchanger could be detennined much more accurately. This is 
important because it provides accurate data to validate the refrigerant pressure drop correlations 
utilized in RACMOD. The two interim differentials were employed to measure the suction-line 
pressure drop (±1O psid) and accumulator liquid-level (±O.5 psid). The suction-line pressure 
drop included any pressure loss incurred by entering the accumulator, which required the 
refrigerant to flow through some filter screens. Originally, the suction-line pressure drop 
measurement had been extended all the way to the compressor inlet (state point 10 in Figure 
2.1.2); however, numerous difficulties in placing a pressure tap in the tube connecting the 
accumulator and compressor forced the measurement to be taken after the accumulator entrance. 
The pressure transducers were chosen because of their high accuracy and low internal 
volume. Table 2.2.1 gives all the relevant transducer information for each of the pressure 
measurements. Each ·transducer was calibrated before installation using a deadweight tester, and 
the calibration results are given in Appendix B. 
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Table 2.2.1 Pressure Transducer Infonnation 
Volume Manufacturer's Accurac~ 
Measurement Model (in3) Ran&e % Full Scale Relative Esi 
High-Side Absolute TIEn13-18 0.17 0-500psia ±O.lO ±O.5 
Low-Side Absolute T.TE/713-18 0.17 0-500psia ±O.lO ±O.5 
Evaporator M> Zl5556-05 0.4 ±lOpsid ±O.25 ±O.025 
Condenser M> Zl5556-02 0.4 ±25 psid ±O.25 ±O.063 
Suction-Line AI> Zl5556-05 0.4 ±lOpsid ±O.25 ±O.025 
Suction-line Venturi M> Zl5556-01 0.4 ±5psid ±O.25 ±O.O13 
Liquid-line Venturi AI> Zl5556-01 0.4 ±5 psid ±O.25 ±O.O13 
Discharge-line Venturi M> Zl5556-01 0.4 ±5 psid ±O.25 ±O.O13 
Accum. lisuid level Zl5556-06 0.4 ±O.5 Esid ±O.25 ±O.OO13 
With the exception of the ±O.5 psid transducer used to measure accumulator liquid level, 
the physical size of the transducers would not allow them to be housed within the air conditioner 
itself. Thus, they had to be located outside the air conditioner such that they were readily 
accessible, added minimum liquid R22 or R407C volume to the system, and did not adversely 
affect the air flows entering and exiting the air conditioner. Accessibility required that the 
transducers be located in the outdoor room. Adding minimum liquid volume suggested that 
those transducers containing liquid be located as close to their pressure source as possible. For 
instance, the transducer measuring liquid-line venturi pressure drop should be located as close to 
the venturi as possible without affecting air flows. As well, the opportunity existed for hot 
discharge vapor to condense within a transducer in the outdoor room. The evaporator saturation 
temperature was always less than the outdoor room temperature, so the transducer measuring 
evaporator pressure drop always contained vapor. 
Because of the possibility of discharge-line comrensation, the transducers used to measure 
pressure drops through the heat exchangers had to be located at the proper elevations to minimize 
the accumulation of liquid in the pressure sensing tubes and the transducers. This was important 
because such liquid accumulation not only decreases the amount of circulating charge, it also 
creates the possibility of gravitational effects on the pressure transducer caused by the existence 
of liquid head. As a result, the condenser differential pressure transducer was located at the 
elevation of the condenser inlet pressure tap while the evaporator differential pressure transducer 
was located at the elevation of the inlet evaporator pressure tap. 
Upon considering all the possible design options, the decision was made to locate the 
transducers just to the right of the condenser face and run all tubes through the air conditioner 
cabinet cover at that same location as shown in Figure 2.2.4. The transducers could have been 
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located on top of the air conditioner cabinet to ensure they would not interfere with any air flows, 
but it was concluded that maintaining minimum additional liquid volume was more important 
from an overall system intrusion standpoint. Any airflow interference caused by the transducers 
could be measured through testing and comparison with previously determined air temperatures 
at certain conditions. As well, appropriate modifications could be made to whatever structure 
was designed to support the transducers until the effect on airflow was nullified or at least 
minimized. 
Tubes exit through 
cover here 
Figure 2.2.2 Location of the Pressure Transducer Stand 
A stand comprised of Unistrut structural members and pipe clasps was constructed and 
bolted to the RAe table in the location proposed in Figure 2.2.4. By measuring the condenser air 
inlet temperatures with the stand and transducers in place and comparing them to temperatures 
from previous data sets, quantification of the intrusion created by the stand and transducers was 
performed. The tests were run at the maximum and minimum condenser loads possible within 
the test matrix, 67/115 and 115/85, respectively, and the stand design was modified until no 
discernible temperature differences from previous data were present. Thus, it was concluded that 
the final stand design did not affect the air conditioner airflows in any significant manner. 
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Appendix B details the design and experimental results for this pressure transducer stand and 
provides diagrams detailing the organization and elevations of the pressure transducers. 
As shown in the inset in Figure 2.2.1, each differential pressure transducer was equipped 
with three 1I8-in. Gyrolock valves that enabled the transducer to be "zeroed" by shutting the two 
valves leading to the differential pressure source and opening the shunt valve to ensure that the 
transducer is exposed to zero differential pressure. Any pressure output occurring during this 
process is considered a bias error, which can be subtracted from the intercept of the original 
calibration correlation. Since the transducers were located in the outdoor room, the major 
contributor to zero error in the transducers was outdoor room temperature, which was variably 
spanned from 67 to 115 OF for each indoor room temperature tested during the course of the 
steady-state test matrix. The zeroing process was completed for every test condition in every 
data set. Once the outdoor room reached the steady-state set point, the valves were adjusted, the 
error was recorded, and the intercept contained within the data acquisition system was modified. 
For the most part, the inlet pressure tap to each venturi meter was utilized as the origin of 
the differential pressure measurements across the heat exchangers. This alleviated the necessity 
of extra pressure taps throughout the system. Where venturis were not available, special pressure 
tap sections were designed and utilized, as shown in Section 2.2.2.4 within the discussion of the 
evaporator return bend modifications. As with the venturi inlet taps, this type of tap allowed for 
at least 0.50 in. of undisturbed flow preceding the tap and was of small diameter relative to the 
inside tube diameter. All taps, venturi or otherwise, had square edges, an orientation of 90° to 
the flow, and an orifice free of any burrs or blockages, thus eliminating any uncertainty 
associated with improper taps (Benedict, 1977). 
2.2.1.3 Temperature Measurements 
Refrigerant-side temperature measurements were accomplished using sheathed 
immersion thermocouples placed at five locations within the RAe as shown in Figure 2.2.1. 
Along with the pressure transducers, these temperature measurements helped to define the inlet 
and outlet states of each of the four major components of the air conditioner. Each thermocouple 
was a type-T with a maximum temperature of 632 OF and manufacturer's accuracy of ±O.9 OF. 
Each was contained in a stainless steel sheath with a diameter of 1116 in. and a length of 6 
inches. All of the thermocouples were installed in the system in a similar manner: a suitable, 
pre-existing elbow near the desired measurement location was removed and replaced with a 
section such as that shown in Figure 2.2.3. 
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Figure 2.2.3 Installation Method for Refrigerant-Side Thermocouples 
Each thennocouple was inserted at least 1.5 in. and positioned on the tube centerline to 
eliminate the possibility of conduction errors. All joints were soldered, including the threaded 
connection between the Gyrolock fitting and adapter, with the exception of the Gyrolock nut-to-
thermocouple connection. This allowed the opportunity to quickly and easily replace 
thermocouples in the event of a problem. Even though leakage problems associated with such 
Gyrolock fittings have been reported (Staley et al., 1992) none were encountered with any of the 
immersion thennocouples installed as shown in Figure 2.2.3. Periodic leak inspections using a 
fluorescent soap solution were performed on each thermocouple Gyrolock connector during air 
conditioner operation in addition to the normal pressurized leak tests described in Section 
2.2.2.6. During the course of installing the refrigerant-side instrumentation, it was observed that 
when properly tightened, the smaller Gyrolock fittings (1/4 -1/16 in.) rarely, if ever, leaked. 
Each refrigerant-side thennocouple was associated with a surface thennocouple soldered 
or epoxied to the tube surface as close as possible to the position of the tip of the refrigerant-side 
thermocouple. The purpose of such redundant measurements was to compare the performance of 
the two methods of measuring refrigerant temperature. Table 2.2.2 notes the positional 
relationship of the tip of each refrigerant-side thermocouple to its intended measurement (i.e. 
compressor outlet, etc.) and its associated surface thermocouple. Each surface thennocouple was 
double-wrapped around the tube and then double-wrapped with a certain length and thickness of 
insulation depending on spatial constraints. The length and thickness of the insulation is noted in 
Table 2.2.2. Porter (1994) performed a detailed analysis on the accuracy of surface 
thermocouples and provided recommendations for the application of insulation to surface 
thermocouples. These recommendations were followed where possible. 
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Table 2.2.2 Positional Relationships between Refrigerant-Side Thermocouples, Their 
Intended Measurement, and Their Associated Surface Thermocouple 
Distance from SurfaceTC Surface TC 
Intended Distance from Insulation Insulation 
Thermocouple State Measurement SurfaceTC Length Thickness 
Location Point (in.) (in.) (in.) (in.) 
Compressor Outlet 0 6 0 2 0.063 
Condenser Outlet 3 2 48 1.5 0.063 
Evaporator Inlet 7i 40 20 1 0.063 
Evaporator Outlet 9 4 4 2 0.063 
Compressor Inlet! 10 6/5 -5/0 112 0.063 Accumulator Inlet 
Note that the refrigerant-side thermocouple measuring compressor inlet temperature, t1Or, 
was moved from the tube between the accumulator and the compressor to the accumulator inlet 
when the retrofit procedure accompanying the conversion to R407C was completed. Thus, the 
distances indicated in Table 2.2.2 for the thermocouple at state point 10 are not from the same 
position; the first numbers correspond to distances from the actual compressor inlet while the 
second are from the accumulator inlet. Numerous complications were encountered during 
installation of the refrigerant-side thermocouple and pressure tap at the compressor inlet for the 
R22 refrigerant-side system, and it was decided not to risk the integrity of the R407C compressor 
or accumulator to install any refrigerant-side instrumentation. 
The refrigerant-side evaporator inlet thermocouple, t7ir, is located in the second return 
bend of the front-most evaporator circuit, directly above the actual evaporator inlet as shown in 
Figure 2.2.1. The thermocouple could not be placed directly at the evaporator inlet because the 
inlet was designed to accept the capillary tubes, which are 0.049 in. in diameter1 • The next 
possible position was the first return bend, but the proximity of the cabinet cover allowed no 
room for the necessary modifications. Thus, the second return bend was the only realistic option. 
The return bend instrumentation is described in Section 2.2.2.4. The evaporator is 20 in. wide, 
which accounts for the large distances between the intended measurement and the surface and 
refrigerant-side thermocouples. Luckily, the inlet and each thermocouple are always in the two-
phase region for both R22 and R407C; however, R407C has a 10-12 OF glide through the entire 
two-phase region which will have to be accounted for when validating RACMOD with the 
R407Cdata. 
1 The evaporator inlet is actually three inlets - one for each capillary tube. As a result, the evaporator is made up 
of three separate circuits that don't merge until the outlet. 
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As noted in Table 2.2.2, the surface thennocouple measuring condenser outlet, t3s, is 
actually 48 in. upstream of the outlet. This thennocouple was installed before the acquisition of 
R22 Data Set 1 and was not altered during installation of the refrigerant-side system. A surface 
thennocouple measuring capillary tube inlet temperature, tCf, was placed 4 in. downstream of 
the condenser outlet and was intended to be used as a comparison to the condenser outlet 
refrigerant-side thennocouple, t3r. Unfortunately, tCf failed to function sometime prior to the 
acquisition of R22 Data Set 5, but this failure was not discovered until the data set had already 
been initiated. Thus, the only direct comparison available was between t3s and t3r, even though 
the appropriate comparison would be t3r and tCf. It was decided not to remove the RAe from 
the test facility to repair this one thennocouple as it would have been a time consuming process. 
2.2.2 Summaty of System Modifications 
In order to accommodate the refrigerant-side instrumentation, many changes were made 
in the routing and geometry of the tubes connecting major components, and sometimes to the 
components themselves. As previously mentioned, much care was taken to ensure that these 
changes were as nonintrusive as possible: overall tube routes were deviated from only slightly, 
no changes in original tube diameters were made, sensitive components such as the capillary 
tubes were not rerouted or modified in any manner, additional volume in liquid regions was 
strictly minimized to create as little departure from the original RAe charge. Regardless of the 
precautions taken, the air conditioner was certain to operate differently than it had before the 
modifications. The following sections briefly summarize the modifications made to the RAe 
and discuss the construction and design of the refrigerant-side instrumentation sections. 
2.2.2.1 Discharge Line 
The routing of the discharge line was not changed in any way. A section was simply 
removed and replaced with one of the same dimensions but including a refrigerant-side 
thermocouple and a venturi. Figure 2.2.4 shows the construction of the discharge line and notes 
some of the relevant dimensions. The surface thennocouple was a total of 7 in. away from the 
compressor shell. 
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Figure 2.2.4 Modified Construction of RAC Discharge Line 
2.22.2 liquid line 
Due to the original design of the liquid line, it had to be completely removed and 
reconstructed to accommodate the venturi and immersion thermocouple; however, this was 
accomplished without modifying the position or routing of the capillary tubes. Figure 2.2.5 
shows the general design of the modified liquid line. A small tube strainer was included in the 
original liquid line. A similar strainer was purchased and incorporated into the modified liquid 
line as shown. For the venturi calibrations, the capillary tubes were disconnected from the exit of 
the venturi and replaced with 3/8-in. tubing which was routed out of the RAC to a Coriolis-effect 
mass flow meter. The flow exiting the Coriolis meter was routed back into the RAC and 
connected to the capillary tubes. A correction was made to all liquid-line venturi pressure drop 
measurements to account for the vertical orientation of the pressure taps. 
222.3 Suction Line 
A major portion of the original suction line exiting the evaporator had to be removed and 
replaced to ensure that both the venturi and immersion thermocouple could be introduced with 
minimal modifications. An II-in., lazy-S shaped section was removed and replaced with the 
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section shown in Figure 2.2.6. Thus, what used to be a smooth curve now had two abrupt right-
angle turns, an immersion thermocouple, and a venturi to introduce additional pressure drop. 
To Pressure 
Transducer .~---;;=. 
Tube Strainer and 
Surface TC 
Condenser 
Capillary 
Tubes 
Venturi 
T 
2 in. 
+ 
1.75 in. 
Immersion TC 
Figure 2.2.5 Modified Construction of RAC Liquid Line 
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Figure 2.2.6 Modified Construction of RAC Suction Line 
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2.2.2.4 Evaporator Return Bend 
The second return bend of the front circuit of the evaporator was removed and replaced 
with a modified bend containing a machined pressure tap section (shown in cross section) and an 
immersion thermocouple used to measure evaporator pressure drop and two-phase temperature, 
respectively. Figure 2.2.7 shows the construction of this replacement return bend. 
Flow 
1 in. 
Immersion TC 
1"~'---------------4.25 in-. -----------------.11 
Figure 2.2.7 Modified Evaporator Return Bend Construction 
2.2.2.5 Accumulator Liquid-Level Measurements 
An important aspect related to the transient behavior of RACs is the amount of liquid in 
the accumulator during the off-cycle and initial moments of the on-cycle. Knowledge of the 
amount of liquid in the accumulator provides information on off-cycle refrigerant migration and 
initial conditions for transient models. Two methods of measuring this level were developed and 
implemented to determine not only the amount of liquid in the accumulator but also which 
method provided the most accurate results. They involved a direct visual measurement using a 
sight glass and a differential pressure measurement using a pressure transducer. The discussion 
included herein will only describe the design and installation of the two methods. Information 
regarding the performance of each method and subsequent implications on RAC cycling are 
detailed by Porter and Bullard (1996). Figure 2.2.1 shows the tube lengths and components of 
each method. 
The primary liquid-level measurement method was the sight glass, which was located 
within the RAC along with the differential pressure transducer. Weston (1996) describes the 
methods of design and construction for a sight glass similar to the one used for the level system. 
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Two metal plates were fastened to the top and bottom Gyrolock fittings of the sight glass and 
connected with threaded rod to provide compressive resistance to axial pressure. The sight glass 
had a 7-in. ruler with l/16-in. graduation abutting the glass to visually measure the liquid height. 
It was originally desired to fasten the sight glass directly to the accumulator to minimize the 
amount of extra tube volume required; however, the geometrical constraints of the air conditioner 
were such that the sight glass would not be visible with this arrangement. The nearest point that 
would allow the sight glass to be visible and securely fastened was opposite the compressor on 
the condenser fan housing. Figure 2.2.8 shows a top view of the RAC giving the relative 
positional relationships of each component to the accumulator sight glass and differential 
pressure transducer while Figure 2.2.9 shows the general design of the liquid level measurement 
system. 
Placing both devices inside the air conditioner minimized the amount of extra tube 
volume added to the system as compared to placing the sight glass in the air conditioner and the 
pressure transducer on the pressure transducer stand. The pressure transducer was placed in the 
comer between the fan motor and the evaporator fan partition to minimize the effect on incoming 
airflow. Valves were installed in the level system for pressure transducer zeroing and sight glass 
shut-off. The two valves closest to the accumulator and the shunt valve near the pressure 
transducer allowed the transducer to be zeroed at each set of test conditions as described in 
Section 2.2.1.2. The two valves closest to the sight glass allowed for the sight glass to be shut-
off from the rest of the system in case of a failure in the sight glass itself. 
Differential 
Pressure 
Transducer 
Evaporator Squirrel Cage Fan 
Control 
Box 
Figure 2.2.8 RAC Top View Showing Relative Position of Each Major Component to 
Accumulator Liquid-Level Sight Glass and Pressure Transducer 
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Figure 2.2.9 General Layout of the Accumulator Liquid-Level Measurement System 
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Following the initial installation of the liquid-level system, it was believed that the proper 
steps had been taken to ensure that the tubes connecting the accumulator to the sight glass and 
pressure transducer were isolated from compressor vibrations. A major fatigue failure in the 
bottom accumulator pressure tap proved otherwise. As a result, two major corrections were 
implemented that prevented any further tube or pressure tap failures due to the high frequency, 
low-amplitude vibrations generated by the compressor. The ftrst was to loop the liS-in. tube 
from the top tap once around the accumulator and rigidly attach it by shrink-wrapping a cable tie 
to the tube and fastening the tie around the accumulator. This ensured that the top tap was 
isolated from vibration. Another 4 in. vertical loop in the same tube made sure that no vibrations 
were conducted to the rest of the level system. The second was to insert a 7.5 in. length of 
flexible metal hose between the bottom pressure tap and the zeroing valve leading to the sight 
glass. An L-shaped structural member was rigidly attached to both the accumulator and bottom 
pressure tap using hose clamps to ensure no relative motion existed between them. 
The level system had two main effects on RAe operation. One was a 9% decrease in oil 
available for circulation and compressor lubrication due to collection in the tubes associated with 
the bottom accumulator pressure tap. Some of these tubes were actually lower than the bottom 
pressure tap so oil collected in them before it could be returned to the compressor. The other 
26 
effect was a 5% increase in the effective volume of the accumulator. The added volume did not, 
however, change the amount of circulating charge in the RAC at steady-state because any 
refrigerant in the accumulator tended to boil out as the RAe reached steady-state. If a liquid 
head was sustained in the accumulator during steady-state operation, the effect of the level 
system was to collect some of the liquid and decrease the measured head, not the circulating 
charge. 
2.2 2.6 Leak Checking 
Every time the RAC and its associated instrumentation was modified or repaired in any 
way, the entire system was checked for leaks using two methods. The most thorough and telling 
method was nitrogen pressure testing in which the system was charged with nitrogen to 150 psi 
(maximum recommended for compressor) and the system pressure monitored for at least eight 
hours. Slight deviations in pressure are associated with changes in room temperature and can be 
eliminated as leaks by plotting both the system temperature and pressure during the test. The 
second method was spot checking using a fluorescent soap solution. This was mostly employed 
to locate the source of leaks, not to test overall system integrity. The nitrogen test was performed 
before and after the air conditioner was placed in the partition wall to isolate leaks occurring in 
the exterior tubing and pressure transducers. The air conditioner and its instrumentation were 
always leak-free before any tests were performed in the calorimeter rooms and were always 
checked after the tests to ensure no leaks came about during tests. 
2.22.7 Oil Spills and Displacement 
The installation of the refrigerant-side instrumentation system was not without its share 
of mishaps. On two occasions, major system leaks occurred which allowed portions of the 
alkylbenzene oil charge to spill out of the air conditioner. On each occasion, the oil stayed 
within the condensate pan which permitted it to be cleaned up using paper towels. Knowing the 
tare weight of the towels, the amount of recovered oil was determined by weighing the towels. A 
judgment was made as to what percentage of the spilled oi~ was actually cleaned up by absorbing 
into the towels, and the estimated total volume of spilled oil was determined. For instance, the 
worst oil spill occurred as a result of a cyclic fatigue failure in the bottom pressure tap of the 
accumulator. The amount of absorbed oil was 116 g, and, based on visual examination of the 
condensate pan and surrounding components after clean-up, it was estimated that this constituted 
90% of the total spill. Thus, the approximate total loss was 129 g or 147 cc of the oil, which 
represented 36% of the total oil charge of 410 cc. This amount of fresh oil was reinjected 
through the compressor discharge tube after the system was repaired. The other spill was 
smaller (90 cc) and was handled in the same fashion but with a different estimate of recovered 
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oil. The estimates of recovered oil tended to be conservative so the amount of oil reinjected each 
time was probably slightly greater than the spill. Using this procedure, the uncertainty in the 
total oil charge of 410 cc contained within the air conditioner was estimated as ±7%; however, 
the uncertainty in the oil charge available for circulation and lubrication is greater than this due 
to the collection of oil in portions of the refrigerant-side instrumentation system. This was most 
prominent in the accumulator liquid-level system which was removed to retrofit the air 
conditioner to accept R407C. During removal of the sight glass and associated parts, the oil 
contained within these components was collected and measured to be 35 cc, which is nearly 9% 
of the total oil charge. Knowledge of the amount of displaced oil in the rest of the 
instrumentation system is not available and is probably smaller than that in the accumulator level 
instruments. Thus, it is possible that as much as 15% of the total oil charge was contained within 
the refrigerant-side instrumentation. Based on this and the conservative estimates of the oil 
spills, the total oil charge available for circulation and lubrication is 410 cc ± 10%. When 
instrumenting air conditioning systems in a manner similar to that described within this report, 5-
10% of the rated oil charge should be added to the system to account for oil displacements within 
the instrumentation. 
2.2.3 Intrusiveness Measures 
The overall intrusiveness of the refrigerant-side instrumentation system can be quantified 
a number of different ways. As will be covered in Section 3.2, the performance of the air 
conditioner before and after adding the instrumentation can be compared, and the differences 
attributable to the system modifications can be determined. Quantifying the physical changes 
made to the air conditioner can also lend a certain degree of insight into the intrusion created by 
the instrumentation. Tube geometries and resulting volumes are easily calculated, and the 
decrease in actual circulating charge can be estimated. 
Table 2.2.3 reports the volumes of the original and modified system tubes and further 
separates this into the total added liquid volume under steady-state conditions. Remember from 
Section 2.2.1.2 that the absolute and differential pressure transducers introduce 0.17 and 0.4 in3 
of extra volume, respectively, so most of the added volume shown in Table 2.2.3 is due to the 
added tubing. As also explained in Section 2.2.1.2, the superheated discharge vapor tends to 
condense as it approaches the transducers for all outdoor room temperatures. It was estimated 
that only the differential and absolute pressure transducers and the preceding lI8-in. tubing used 
for the discharge-line venturi contained liquid (see Figure 2.2.1). This accounts for the 
difference between the change in volume and the added liquid volume for the discharge line. As 
discussed in Section 2.2.2.5, the accumulator liquid-level system deletes no charge from 
circulation at steady-state conditions. 
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Table 2.2.3 Comparison of Tube Volume Modifications Due to Refrigerant-Side 
Instrumentation 
Total Removed Total Added Change in Added SS Liquid 
Tube Volume Volume Volume Volume 
or Measurement (ln3) (in3) (in3) (in3) 
Discharge Line 0.741 3.691 +2.950 0.662 
Suction Line 2.601 5.586 +2.985 0 
Liquid Line 0.728 1.059 +0.331 0.331 
Evaporator 0.122 0.468 +0.468 0 Return Bend 
Evaporator M> 2.523 +2.523 0 
Condenser M> 0.521 +0.521 0.521 
Suction-Line M> 0.546 0.546 0 
Accumulator 1.958 1.958 0 Liquid Level 
SS = steady-state 
Based on density, the added vapor volume contributes negligible refrigerant mass 
compared to the liquid volume. Using this, the amount of liquid refrigerant contained within the 
refrigerant-side instrumentation - and thus removed from circulation - can be estimated and used 
as an indicator of performance variations. Based on the added liquid volume estimates from 
Table 2.2.3 and a liquid R22 density of 0.0416Ibm/in3 at 95- F, approximately 0.063 Ibm of R22 
is contained within the instrumentation and associated tubing during steady-state operation. This 
constitutes 3.3% of the original rated charge of 1.906 Ibm for the 1.5-ton Whirlpool unit tested. 
As will be explained later, the optimized charge for the R407C system was 2.1 Ibm. At 95- F, 
the density of R407C is 0.0394 Ibm/in3, which translates to 0.060 Ibm of noncirculating charge 
or 2.8%. Thus, depending on the conditions and refrigerant, approximately 3% of the charge is 
out of circulation at steady-state operating conditions due to the system modifications. 
The question to be asked regarding this estimated 3% decrease in circulating charge is 
how it affects the optimum system charge. Should 3% additional charge be added to the system 
or should the rated charge be used and a performance penalty inCUlTed? To test this, an optimum 
charge test for R22 was performed to measure the performance effect introduced by the 
refrigerant-side instrumentation. Optimum charge is defined as the charge that provides 
maximum EER at 80/95. Using RACMOD to provide estimates of system EER for various 
charge levels, a test matrix was devised such that the system charge would be varied from -10% 
to +20% of the rated charge of 1.906 Ibm in 5%, (0.095 Ibm) intervals. The amount of R22 
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charged to the air conditioner was measured and metered using an A&D Electronic Balance (44 
Ibm capacity, ±O.OOOS Ibm accuracy), a standard refrigeration charging manifold with hoses, an 
liS-in. Gyrolock ball valve to control refrigerant flow, and a needle valve used as a shutoff as 
shown in Figure 2.2.11. The metering valve accessed the suction line through the external 
pressure transducer tubes. 
R22 Tank 
Padded Platform 
Charging Manifold 
(Rigidly mounted to RAC table) 
Metering 
Ball Valve 
Shutoff 
Needle Valve 
Figure 2.2.10 RAC Refrigerant Charging System 
RAC 
Before the optimum charge tests were initiated, a series of tests was performed to 
determine how well the metering system of Figure 2.2.10 delivered the refrigerant mass indicted 
by the scale to the air conditioner. A refrigerant tank of known mass was immersed in an ice 
bath and connected to another tank containing R22 using the same arrangement shown in Figure 
2.2.10. Six different refrigerant mass levels ranging from 1 Ibm to O.OSlbm were metered from 
the R22 tank into the cold tank. The cold tank was weighed each time, and it was determined 
that the metering system reproduced the charge indicated by the scale within ±1.0% each time. 
Thus, ±1.0% represents the ±2 standard deviation uncertainty of any charge addition to the air 
conditioner using the arrangement shown in Figure 2.2.10. 
Figure 2.2.11 shows the results of the R22 optimum charge test as measured EER versus 
variable charge. The vertical line near 1.9 Ibm shows the manufacturer's rated charge. As 
shown, the maximum EER occurred at almost exactly the rated charge. Thus, within 
experimental uncertainty, the optimum charge was not altered by the refrigerant-side 
measurement system. The manufacturer's rated charge of 1.906 Ibm of R22 was used for all tests 
in R22 Data Set 5. 
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Figure 2.2.11 Measured EER versus Charge from R22 Optimum Charge Tests 
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Chapter 3 
Experimental Results 
The facility and refrigerant-side instrumentation described in Chapter 2 provided data 
whose primary purpose was the validation of RACMOD for both R22 and R407C. In this 
chapter, the data is used to examine the following key issues pertaining to RAC instrumentation: 
(i) do venturi meters provide accurate measurements of refrigerant mass flow rate and if so 
which position within the RAC is best suited for such a measurement, (ii) how much better is 
refrigerant-side instrumentation at measuring refrigerant conditions, (iii) what effect does the 
refrigerant-side instrumentation have on RAC performance? The last section of this chapter 
describes the RAC modifications performed to acquire model validation data with R407C and 
presents results on the RAC's performance with R407C. These results are not meant to test 
R407C as a replacement for R22, but rather to document the changes in performance for future 
RACMOD validation. 
3.1 Venturi Mass Flow Measurements 
Section 2.2.1.1 described the basis for selecting three venturi meters to measure RAC 
mass flow rate and presented some of the relevant theory of venturi meters, specifically with 
regards to the discharge coefficient and its determination through calibrations. This section 
presents the results of the calibrations performed on each venturi for both the R22 and R407C 
systems and provides verification of the accuracy and reliability of RAC mass flow 
measurements using each venturi for both refrigerants. 
3.1.1 Venturi Calibrations 
The purpose of the calibrations was to obtain the discharge coefficient, Cd, for each 
venturi with both R22 and R407C. The result of the calibrations is a correlation between Cd and 
the inlet Reynolds number, Rej, for each venturi. This correlation is usually a constant Cd 
depending on Rei and the venturi dimensions. For the reasons described earlier, the calibrations 
were performed in situ, and the same test set-up was used for both the R22 and R407C 
calibrations. Figure 3.1.1 shows a simplified version of this test set-up noting only the 
instruments used in the determination of Cd for each venturi. A Coriolis-effect mass flow meter 
(Micro Motion, Model D12) was installed in the liquid line as a secondary calibration device. 
The liquid line was piped out of the air conditioner to the Coriolis meter which was bolted to the 
side of the RAC table. This required an additional 4 ft. of 3/8-in. tubing to be added to the liquid 
line. The Coriolis meter was equipped with rubber vibration isolators for each bolt to damp out 
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any vibration or shock noise. The manufacturer's accuracy (bias error) for the Coriolis meter is 
±O.25% while the experimental uncertainty (bias plus precision error) at each calibration point 
was±I%. 
15 psid I 
D 
'------' 
125 psid I 
Condenser 
Micro Motion 
Mass Flow Meter 
(D12, SIN: 128582) 
Capillary Tubes 
Evaporator 
p 1500 psia I 
Figure 3.1.1 Experimental Test Set-Up for Venturi Calibrations 
Referring to Section 2.2.1.1, Cd is determined by rearranging Equation 2.2.5 and 
substituting the mass flow rate measured by the Micro Motion Coriolis meter, 
(3.1.1) 
and Rei is given as 
(3.1.2) 
where Jl is the inlet viscosity. 
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The sight glass immediately downstream of the Coriolis meter was used as a charging aid 
and to ensure no flashing occurred in the liquid line during the calibrations. Because of the extra 
piping added to the liquid line for the installation of the Coriolis meter during both the R22 and 
R407C calibrations, an additional 0.20 Ibm of charge was required. For both sets of calibrations, 
the RAC was charged to 1.~O6 Ibm - the original R22 rated charge - and the sight glass revealed 
single-phase liquid flow. The extra 0.20 Ibm of refrigerant was then added. The sight glass was 
also checked at each steady-state test condition used to perform the calibrations to ensure that no 
vapor bubbles were present 
3.1.1.1 Calibrations for R22 
Even though it used surface measurements and compressor map mass flow data, R22 
Data Set 1 provided a basis for the experimental design of the R22 venturi calibration tests by 
indicating the refrigerant state and approximate Rei at each venturi location for 28 different dry-
coil test conditions. Those that suggested single-phase flow and provided a wide Rei range for 
each venturi location were targeted for use in the calibrations. Table 3.1.1 gives the eight dry-
coil, high:-fan-speed conditions that were chosen for the calibrations and lists the steady-state Rei 
predicted by surface measurements from R22 Data Set 1 and measured during the calibrations for 
each venturi at each set of conditions. As can be seen, the Rei ranges observed during 
calibrations were more compressed than the predicted ranges from Data Set 1 for each venturi, 
although the liquid-line venturi was very close. Each venturi encountered single-phase flow 
during each calibration test condition. The minimum subcooling was 15 OF while the minimum 
superheat was 6 oF. 
Table 3~1.1 Predicted and Measured Venturi Inlet Reynolds Numbers at Each Test Condition 
Rei for Each Venturi 
Predicted b~ R22 Data Set 1 Measured durin& R22 Calibrations 
Conditions Dischar&e Liguid Suction· Dischar&e Liguid Suction 
115/110 355800 43880 257600 306600 41980 243900 
115/95 345500 38300 243000 304600 36200 230500 
115/85 339400 35370 234400 296500 32240 216400 
95/95 306500 32980 218000 293100 33020 225600 
95n5 299700 28860 205300 277300 27730 202300 
80/95 273500 28630 197400 284100 31100 222900 
80/82 271700 26510 190000 240200 24900 174600 
80nO 266000 24440 182000 266500 25400 196500 
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The results of the R22 venturi calibrations are shown in Figures 3.1.2-4. Each set of test 
conditions in Table 3.1.1 was allowed to reach steady-state, then each instrument was scanned 16 
times using five minute intervals. The average of each individual measurement was determined 
from these 16 data points and used to represent the steady-state measurement at that set of test 
conditions. Each figure gives the average measured Cd versus the average measured Rei for each 
of the eight steady-state test conditions, except Figure 3.1.2, which only includes seven points. 
The 115/110 condition produced an average Cd of greater than one for the discharge-line venturi, 
which is physically impossible; thus, this point was rejected from consideration. As it turns out, 
the Rei observed at this point during calibration (306600) was greater than the actual Rei during 
normal operation in R22 Data Set 5. 
The lines on each plot represent each venturi's correlation of Cd to Rei. As shown in 
Figures 3.1.3 and 3.1.4, Cd is constant for the liquid- and suction-line venturis with the constant 
value being the average of the eight data points. The 95% confidence interval in Cd for both 
venturis is given on each plot. As reported in Appendix A, the uncertainty in the liquid- and 
suction-line venturi CdS was 3.7% and 1.8%, respectively; thus, the liquid-line venturi Cd was 
predicted well within its region of uncertainty while the suction-line venturi Cd was predicted 
slightly out of its region. 
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Figure 3.1.2 shows that the discharge-line venturi displayed a linear dependence on Rei. 
It should be noted that the linear relationship derived for the discharge-line venturi differs from 
venturi theory as previously presented. However, since the calibrations were perfonned in situ, 
this was a systematic dependence and the linear fit to the data was used as the result of the 
calibration. If a constant Cd were to be used for the discharge-line instead, the value would have 
been 0.985 ± 2.1 %, and the maximum difference between the linear calibration and this constant 
value would be 1.5%. 
3.1.12 Calibrations for R407C 
Once all of the R22 data for R22 Data Set 5 were acquired, the system was modified to 
accept the alternative refrigerant R407C for model validation purposes. The modifications 
included replacing the compressor and removing some of the instrumentation. Figure 3.3.1 
shows the resulting system layout while the upcoming Section 3.3 describes the modifications 
and retrofit procedures and reports the results of steady-state tests using R407C. It was not 
believed that the use of an alternative refrigerant such as R407C - with thennophysical and 
thennodynamic properties similar to those of R22 - would change the results of the venturi 
calibrations. However, it was decided that performing the same calibration procedure used for 
R22 would provide a good check of this hypothesis. 
The liquid line was once again piped to the Coriolis meter, and the RAC was charged 
with R407C. The charging procedure is described in Section 3.3. Lunger et al. (1994) and 
Bivens et al. (1994) have reported that the optimum charge ofR407C when used as a "drop-in" 
replacement in R22 systems is generally 90-95% that of the optimum R22 charge. Thus, to 
ensure that enough subcooling and superheat existed for every intended R407C calibration test 
condition, the RAC was charged with 2.1 Ibm of R407C, which was the same amount used in the 
R22 calibrations. As it turned out, this amount of charge provided relatively low Reis as 
compared to R22 for the conditions tested. To obtain higher Reis, an additional 0.20 Ibm was 
added and some additional tests were run. Table 3.1.2 shows the test conditions, the amount of 
R407C, and the resulting calibration Rei at each venturi. All tests were performed at high-fan 
-speed and dry-coil conditions. Conditions having indoor room temperatures of 80 OF or less did 
not provide useful results because of consistent evaporator frosting. As will be shown in Section 
3.3, both of the charge levels used during the R407C calibrations were too low to provide Reis 
similar to actual operation, but this was not discovered until an R407C optimum charge test was 
performed after the calibrations. It is recommended that an optimum charge test similar to that 
described in Section 2.2.3 or other applicable test be perfonned on a calibration-modified RAC 
to provide the proper charge and Rei range. If the optimum charge of the unmodified RAC is 
already known, it is adequate to add enough charge to fill the added volume as was done with the 
R22 system. 
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Table 3.1.2 R407C Venturi Calibration Test Conditions, Charge Levels, and Reynolds 
Numbers 
Measured Re~nolds Number 
Test Conditions Chars:e (Ibm) Dischars:e Line LiguidLine Suction Line 
115/110 2.1 214200 39500 169030 
115/100 2.1 212700 36920 164850 
115/95 2.1 210200 34370 159840 
115/85 2.1 204700 30050 150360 
95/95 2.1 215300 30950 161980 
115/110 2.3 225200 39400 177660 
115/85 2.3 219800 32570 164290 
95/95 2.3 206800 33040 158720 
95/85 2.3 220900 35330 172640 
Figures 3.1.5-7 show the results of the R407C venturi calibrations. Comparing them 
with the R22 venturi calibrations, it can be seen that the liquid- and suction-line venturis did not 
provide the same Cd for R22 and R407C. 
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No changes were made to the geometry or orientation of any of the venturis between the 
R22 and R407C calibrations. The pressure transducers were zeroed at each calibration test 
condition, and none of the instrumentation was altered in any way. The only difference was the 
use of R407C and a polyol ester lubricant instead of R22 and an alkylbenzene lubricant. The fact 
that the R407C calibration Rei ranges were lower than those from the R22 calibrations and actual 
R407C RAC operation is not significant since each venturi provides a constant Cd. So it seems 
that the act of introducing R407C altered the liquid- and suction-line CdS. However, the results 
of the next section show that this conclusion may be incorrect, and that some sort of systematic 
effect may have been present during the R407C calibrations that contributed to the differences. 
3.1.2 Venturi Measurement Verification 
After completion of the each set of venturi calibrations, the Coriolis meter was removed 
from the liquid line and the RAC was configured as shown in Figures 2.2.1 and 3.3.1, depending 
on the refrigerant; The steady-state tests that followed (R22 Data Set 5 and R407C Data Set 2) 
. supplied data to compare the ability of each venturi and verify that venturis can be accurately 
utilized to measure RAC mass flow rates. 
3.1.2.1 R22 Venturi Measurements 
The steady-state R22 tests from R22 Data Set 5 covered the entire test matrix described in 
Section 2.1.4, which included 28 dry-coil and 12 wet-coil test conditions. Figure 3.1.8 shows the 
results of the venturi mass flow rate measurements acquired during R22 Data Set 5. The lines 
indicate 0 and ±2% measured difference. As can be seen, the three venturis provide a relatively 
precise measurement of RAC mass flow rate, predicting within ±2% at every test condition. Rei 
was within the measured calibration range for each venturi over the entire set of R22 test 
conditions. Appendix A reports the uncertainty in each venturi mass flow rate measurement as 
being ±2.1, ±4.0, and ±2.4% for the discharge-, liquid-, and suction-line venturis, respectively. 
The high uncertainty in the liquid-line venturi is due mainly to uncertainty in the measurement of 
the throat diameter. Figure 3.1.8 indicates that the actual diameter is probably closer to the 
measured value of 0.095 in. than ±4.0%. 
It should be noted that only 14 of the possible 40 data points are represented by the 
suction-line venturi. Two different effects caused the other 26 points to be rejected or useless. 
The existence of liquid droplets in the suction line at measured superheats of less than 5 OF 
caused the rejection of 13 of the 26 bad data points while the remaining 13 bad data points were 
the result of oil blockages in the tubes connecting the suction-line venturi to its associated 
differential pressure transducer. 
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Figure 3.1.S Comparison of Venturi Mass Flow Rate Measurements Using R22 
As superheat (measured by refrigerant-side instrumentation) dropped below 5 of, the 
suction-line venturi measured as much as 20 lbm/hr less than either the liquid or discharge-line 
venturis. Figure 3.1.9 shows the difference in liquid- and suction-line venturi mass flow rate 
versus superheat. For superheats greater than 5 of, the difference varied randomly between ±5 
lbm/hr, which corresponds to approximately ±2% of the liquid-line venturi mass flow rate 
measurement. 
Although it was not experimentally verified, it is believed that as oil collects in small 
diameter tubing (~ liS in.) often used to connect differential pressure transducers to their source, 
oil surface tension effects can create enough resistance to block the transmission of small « 5 
psid) differential pressures. This effect is especially detrimental to differential pressure 
measurements in low temperature vapor flows because of increased oil viscosity. Other ACRC 
projects have experienced similar problems (Rubio-Quero et al., 1995). As shown in Figure 
2.2.1, the pressure drop through the suction-line venturi was transmitted through 17 in. of l/4-in. 
diameter tubing which reduced to liS-in. diameter before reaching the pressure transducer. The 
l/4-in. tubing was installed in the hope of preventing erroneous readings due to the presence of 
circulating oil. However, enough oil reached the liS-in. tubing to block the differential pressure 
transmission giving false readings of zero pressure drop through the venturi. 
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Figure 3.1.9 Difference Between Liquid and Suction-Line Venturi Mass Flow Rate 
versus Superheat 
To correct this problem, the pressure transducer was removed and its associated tubing 
flushed with high pressure nitrogen to discharge the offending oil. Oil receivers were then 
installed to collect any further oil before it reached the lI8-in. tubing. Each receiver consisted of 
a 5/8-in. copper tee with the plumb entrance capped and pointed downward to create a separating 
chamber while the two base entrances carried the refrigerant from the lI4-in. tube to the lI8-in. 
tube. It is believed that only small amounts of oil actually enter the tubes and creates the 
blockage, so there was no danger of the tee filling with oil. The flushing and oil receivers 
seemed to solve the problem as all subsequent RAC tests proceeded without further oil blockage 
incidents. 
3.1.22 R407C Venturi Measurements 
The R407C steady-state tests from R407C Data Set 2 consisted of 31 test conditions -19 
dry coil and 12 wet coil. Nine of the original 28 dry coil conditions from the R22 test matrix 
could not reach steady-state because of unstable frosting of the evaporator. As mentioned in 
Section 3.1.1.2, the R407C venturi calibrations provided Cd'S for the liquid- and suction-line 
venturis that were different from those determined during the R22 venturi calibrations, even 
though they were expected to be equal. 
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Figure 3.1.10 shows the results of the venturi mass flow rate measurements from R407C 
Data Set 2 using the Cd'S determined in the R407C calibrations. As shown, the discharge- and 
suction-line venturi measurements had +2 and +5% biases, respectively, when compared to the 
liquid-line venturi. This suggests that the venturis were performing properly but one of the 
variables in Equation 2.2~~ contained a bias error. The inlet area, Aj, and the velocity of 
approach factor, E, did not change. Each pressure transducer was zeroed at each test condition 
and performed properly during all R407C tests. The linear correlations for Yi of the discharge-
and suction-line venturis were changed (see Equations 2.2.6-9), but the changes created less than 
0.10% difference in the values of Y j between R22 and R407 C for each venturi. The inlet density 
obviously changed, but the table interpolations used to provide the R407C densities during data 
reduction were rigorously checked and provided the proper value of density based on the 
measured inlet temperatures and pressures. Thus, the only variable left is Cd. 
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Figure 3.1.10 Comparison of Venturi Mass Flow Rates Using R407C and Discharge 
Coefficients from the R407C Calibrations 
No mistakes or problems could be found in the R407C venturi calibration procedure or 
the measurements taken during the calibrations. The Rejs during actual RAC operation with 
R407C were higher for each venturi than during the calibrations, but as shown in Figures 3.1.5-7 
the calibration Reis were already high enough to provide constant CdS for each venturi. Since the 
CdS were not expected to change based on the use of R407C, the mass flow rates measured 
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during R407C Data Set 2 were recalculated using the CdS obtained during the R22 venturi 
calibrations and Figure 3.1.11 shows the-results l . 
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Figure 3.1.11 Comparison of Venturi Mass Flow Rates Using R407C and Discharge 
Coefficients from the R22 Calibrations 
The use of the R22 CdS brought all the mass flow rate measurements to within roughly 
±2%, although the discharge-line measurement still displayed a definite bias of about -2%. The 
seven suction-line venturi outliers all occurred during dry-coil tests with an indoor room 
temperature of 80 of. Four of the seven had superheats of less than 5 OF but the other three had 
superheats of greater than 10 OF with one of the points having 20 OF of superheat. These seven 
points were also the first seven tested after the R407C calibrations. Subsequent tests at 80 OF 
indoor room temperature revealed no such biases, except when superheat was below 5 OF. The 
improved agreement between the venturi mass flow rate measurements shown in Figure 3.1.11 
suggests that a systematic bias may have been present during the R407C venturi calibrations that 
caused the Cd'S to be incorrectly calculated. Since the calibrations were the first tests run on the 
RAC after the R407C modifications, it is possible that a certain amount of run time was 
necessary before the RAC operated properly with R407C. For instance, it is possible that it took 
1 The alternate constant value of 0.985 detennined during the R22 calibrations was used for the discharge-line 
venturi Cd since the linear correlation of Figure 3.1.2 did not apply in the discharge-line venturi Reynolds 
number range obtained during R407C calibrations. 
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a while for the polyol ester oil to leave the compressor and circulate at the proper rate. 
Regardless of the reason for the disparity, some sort of bias was present during the R407C 
calibrations that created the 5% difference in Figure 3.1.10. Thus, it is recommended that the 
constant value Cd'S determined during the R22 venturi calibrations be used for any future R407C 
mass flow rate measurements. 
3.2 Measuring RAe Performance With Refrigerant·Side Instrumentation 
Although the primary motive for installing the refrigerant-side instrumentation was 
validation of RACMOD, one of the key products of the refrigerant-side test results was the 
ability to compare them to surface measurements and evaluate of the need for refrigerant-side 
measurements at certain points of the RAC. The major factors that influence the type of 
instrumentation used to measure pressure, temperature, and mass flow rate in a system such as a 
RAC are accuracy, intrusiveness, cost, and time and effort. In order to determine which 
instrumentation method (Le., surface versus refrigerant-side thermocouples) offers the most 
desirable performance, direct quantitative comparisons can be made for each of these factors, 
although the actual amount of intrusion incurred by refrigerant-side instrumentation is somewhat 
difficult to evaluate. Of course, the relative importance of each factor plays a big role in 
determining which method is best suited for use. The obvious goal is to determine the simplest 
instrumentation method providing the best results. As described in Section 2.1.4, R22 Data Set 1 
consisted of data collected from the RAC using only surface instrumentation while R22 Data Set 
5 contained data collected using both refrigerant-side and surface instrumentation. Thus, 
information was available to compare the measurement accuracy of the surface and refrigerant-
side instrumentation methods and the performance changes that resulted from the introduction of 
refrigerant-side instrumentation. The following sections will describe and present these 
comparisons and will offer recommendations on the most beneficial use and application of 
instrumentation in RACs and similar systems. 
The comparisons made in the following sections utilize data acquired only at dry 
evaporator-coil conditions. The addition of wet-coil data in certain comparisons entailed 
modeling and analysis that was beyond the scope of this investigation. As well, only 26 of the 
28 dry-coil test conditions shown in the test matrix of Figure 2.1.3 could be used because the 
115/115 test conditions had to be tested at 115/110 during R22 Data Set 1 due to unresolved 
difficulties with the chiller at that time. 
3.2.1 Comparison to Surface Measurement Methods 
During the acquisition of data for R22 Data Set 5, both refrigerant-side and surface 
instrumentation were in place within the RAe. This allowed for direct comparisons of variables 
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or parameters measured using refrigerant-side instrumentation to those measured or predicted 
using surface instrumentation. Using these comparisons, the errors between the two methods of 
instrumentation can be gauged and their sources uncovered. Understanding the sources of such 
errors and methods to eliminate them could save money, time, and effort during the construction 
of similar instrumentation systems while providing reliable data. 
3.2.1.1 Temperature Measurements 
Five immersion thermocouples were installed within the RAC to obtain direct 
measurement of refrigerant temperatures at state points 0, 3, 7i, 9, and 10. The thermocouple 
specifications and installation procedures were outlined in Section 2.1.2.3. Each immersion 
thermocouple had an affiliated surface thermocouple soldered or epoxied to the tube as close to 
the position of the immersion's tip as possible. This provided a direct indication of the surface 
thermocouple's ability to read actual refrigerant temperature. Such discoveries are important 
because they illustrate positions where accurate immersion temperature measurements are 
required as well as positions where surface measurements provide adequate temperature 
measurements. Table 3.2.1 shows the errors between the surface and refrigerant-side 
measurements at each of the aforementioned state points. The error between the two methods is 
defined as the surface measurement minus the refrigerant-side measurement. 
Table 3.2.1 Errors Between Surface and Refrigerant-Side Temperature Measurement Methods 
Thermocouple Error (Surface - Refrigerant-Side) CF) 
Location (State Point) Minimum Maximum Average 
Compressor Outlet (0) -3.0 -4.8 -3.6 
Condenser Outlet (3) 1.9 5.1 3.6 
Evaporator Inlet (7i) 0.8 2.5 1.4 
Evaporator Outlet (9) 0.4 2.9 1.4 
Compressor Inlet (10) 1.1 12.4 6.9 
Although attempts were made to place the surface thermocouple at the position of the tip 
of refrigerant-side thermocouple, it was not often possible due to RAC geometry or other 
constraints. Table 2.2.2 noted the positional relationships of each surface and refrigerant-side 
thermocouple while Section 2.1.2.3 discussed the reasons for some of the displacements between 
each type of thermocouple. The 20 in. between t7is and t7ir1 proved to be of little consequence 
since both measurements occurred in the two-phase region of the evaporator. Similarly, the 4 in. 
1 The subscripts s and r stand for surface and refrigerant-side. respectively. 
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between t9s and t9r was insignificant because the entire length was wrapped with 1/4-in. thick 
insulation. Both of these state points provided the smallest errors in temperature measurement 
The 48 in. displacement between the surface and refrigerant-side thermocouples 
measuring t3 was the overriding cause of error in that measurement and essentially causes the 
comparison to be inappropriate. The use of state point 3 for both measurements is slightly 
confusing. Remember from Section 2.1.2.3 that t3s was not at the condenser outlet but rather on 
a return bend 48 in. upstream of the outlet. The surface thermocouple measuring capillary tube 
inlet temperature, tCT was within 4 in. of the actual condenser outlet but was not properly 
functioning during R22 Data Set 5. Thus, the only comparison to be made for the condenser 
outlet temperature was between t3s and t3r. The distance separating the two thermocouples is 
always occupied by subcooled liquid which can experience significant drops in temperature 
through the 48 in. displacement. Surface thermocouple measurements from R22 Data Set 1 
revealed the average drop in temperature from t3s to teT for the aforementioned 26 test 
conditions to be 3.5 oF. The maximum and minimum drops were 5.4 and 1.6 OF, respectively. 
Within experimental uncertainty, these are equal to the condenser outlet errors shown in Table 
3.2.1. Thus, if a properly functioning surface thermocouple was available at the condenser 
outlet, the error would have been significantly decreased. One would expect a surface 
thermocouple at the condenser outlet to read at or lower than t3r since the outdoor room 
temperature is lower than the condenser outlet temperature. 
The thermocouple measurements at state point 10 had other difficulties. During the 
installation of refrigerant-side instrumentation in the compressor inlet, dOs had to be removed. 
Unfortunately, it was not properly reaffixed to the tube, and the resulting surface temperatures 
had a positive bias error of 16.3 OF when compared to the same measurements from R22 Data Set 
1. Moreover, tlOr worked only intermittently. It provided good data on 14 of the 26 data points 
used to make the comparisons in this section. The remaining twelve points gave a 'no 
connection' error which meant that either the connection had been lost in the thermocouple head, 
the isothermal box, or the Fluke data acquisition system. As a result of these problems, the 
errors quoted in Table 3.2.1 were calculated using only the good refrigerant-side data from R22 
Data Set 5 and the corresponding surface data from R22 Data Set 1. This obviously does not 
account for the differences associated with the installation of the refrigerant-side system, but it 
provides the best available estimate of the surface-to-refrigerant temperature errors at state point 
10. 
Lastly, the large errors in surface measurements at state point 10 can be directly attributed 
to axial conduction from the compressor shell. The shell can be anywhere from 100-160 degrees 
hotter than the suction-line temperature. The compressor inlet surface thermocouple is only 2 in. 
from the shell and considerable heat transfer is conducted through the copper tube onto which the 
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thennocouple is affixed. With this sort of dis.turbance to the measurement. uniformly large errors 
should be expected. 
3.2 .1.2 Superheat 
Besides providing actual measurements of tube surface temperatures at various state 
points. the surface measurements can also be used to predict other variables and parameters of 
interest in RAC modeling such as condensing and evaporating pressures. subcooling. superheat. 
and refrigerant mass flow rate. The remainder of this section compares such predictions 
provided by the surface instrumentation to actual refrigerant-side measurements. 
Superheat and subcooling are both defined as the difference between the actual state point 
temperature and the saturation temperature corresponding to the state point pressure. If this 
difference is positive. the refrigerant is superheated and the difference is tenned the superheat at 
that point; if the difference is negative. the refrigerant is subcooled and the difference is tenned 
subcooling. In a RAC. superheat is generally measured at the evaporator exit while subcooling is 
measured at the condenser exit. Using the state point designations of Figure 2.1.2. superheat is 
defined as t9 - t9sat while subcooling is t3sat - t3. Both superheat and subcooling can be 
measured using either surface or refrigerant-side instrumentation. and the error between them is 
defined as the value predicted by surface measurements minus the value predicted by refrigerant-
side measurements. Thus. the error in superheat is 
Error sup = Superheats - Superheatr (3.2.1) 
or 
(3.2.2) 
which can rewritten as 
Errorsup = (t9s - t9r) - (t9sat.s - t9sat•r) (3.2.3) 
where t9s and t9r are direct thennocouple measurements. t9sat,r is the saturation temperature at 
the measured evaporator outlet pressure. p9. and t9sat•s is the evaporator outlet saturation 
temperature predicted by subtracting the average evaporator pressure drop value of 2.2 psi 
(obtained from refrigerant-side measurements) from the evaporating pressure provided by the 
two-phase measurement of t7is. The measured evaporator pressure drop ranged from 1.8 to 2.4 
psi. The use of this pressure drop in the surface prediction of t9sat represents a small departure 
from the comparison of strict surface measurements to strict refrigerant-side measurements. but 
to appropriately compare the two saturation temperatures at state point 9. such a correction had to 
be made. Thus. upon final examination. the error in superheat is 
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Error sup = Error t9 - Error t9sat (3.2.4). 
Figure 3.2.1 shows the superheat predicted by surface measurements versus the superheat 
measured by refrigerant-side instruments. For the most part, the two agree very well; however, 
as superheat drops below 5 of, the error becomes as large as the superheat itself. Figure 3.2.2 
shows the superheat error as defined by Equation 3.2.1 plotted against measured refrigerant-side 
superheat. As can be seen, at superheats less than 5 of, the superheat error is scattered from -2 to 
2 oF. Beyond 5 of, a definite linear trend is followed. At these low superheat values, the 
uncertainties and errors associated with the actual and saturation temperature measurements at 
the evaporator outlet approach the value of superheat itself. The result is random compounding 
of the measurement uncertainties which provides the wide scatter at low superheats. Some 
question also exists as to whether the refrigerant is fully superheated vapor at these low 
measurements of superheat. Section 3.1.2.1 reported that the suction-line venturi measurements 
contained large errors at superheats less than 5 OF and that such errors were consistent with 
entrained liquid droplets in otherwise superheated vapor. 
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Figure 3.2.2 Error in Superheat versus Measured Refrigerant-Side Superheat 
Using Equation 3.2.4, the various sources that contribute to superheat errors can be 
identified. The error in t9 could not be traced to any specific variable or parameter; it is simply 
the result of inherent differences between the refrigerant and tube surface temperatures and 
random measurement errors. Reductions in this error depend on the method of application of the 
surface thennocouple to the tube and proper insulation; however, a constant bias will always 
exist. The error in t9sat is fairly constant with an average value 1.8 OF and results from errors in 
predicting t7i with a surface thermocouple and the use of the constant correction of 2.2 psi. 
According to Table 3.2.1, about 1.4 OF of the average error in t9sat can be attributed to the error 
in predicting t7i with a surface thermocouple. 
The accuracy of the measured evaporator pressure drop, Apevap. was checked by 
comparing t7ir to the saturation temperature at the measured evaporator inlet pressure (p9 plus 
Apevap). The saturation temperature consistently underpredicted t7ir by 0.3 to 0.5 OF. Thus, 
assuming the refrigerant-side thermocouple to be correct, about 0.4 OF of the error in t9sat from 
Equation 3.2.4 can be attributed to errors in Apevap, which provided the correction of 2.2 psi. Of 
course, this deduction also assumes no errors are present in the measurement of p9. All-in-all, 
anything but incremental improvements in the errors associated with superheat would be difficult 
to achieve because of the inherent biases created by measuring refrigerant temperatures with 
surface thennocouples. 
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3.2 .13 Subcooling 
Following a derivation similar to that for Equation 3.2.4, the error in subcooling can be 
derived as 
Error sub = (t35al - t3)5 - (t3581 - t3)r = Error t3 - Error t3 
.. t 
(3.2.6) 
where t38 and t3r are direct thennocouple measurements, t3sat,r is the saturation temperature 
based on direct measurement of condenser outlet pressure (discharge pressure, pI, minus 
condenser pressure drop, .1Pcond), and t38at•8 is the condenser outlet saturation temperature 
predicted by subtracting half of the average measured condenser pressure drop of 12.5 psi from 
the condensing pressure provided by t28• State point 2 is halfway through the condenser two-
phase region and is meant to represent the average two-phase condensing temperature. 
Figure 3.2.3 shows the subcooling predicted by surface measurements versus the 
subcooling measured by refrigerant-side instruments. The surface subcooling consistently 
underpredicted the actual measured subcooling by about 4 OF. As explained in Section 3.2.1.1, 
. this large error can be solely attributed to the use of t38 instead of tef in determining the error in 
condenser outlet temperature, Errort3. The error associated with prediction of t3sat is virtually 
constant at 0.5 OF and contributed very little to the error in subcooling. Data from R22 Data Set 
1 comparing t38 to tCT suggests that the surface subcooling prediction could be improved by 3.5 
OF on average with a properly functioning tCT. 
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3.2.1.4 Condensing and Evaporating Pressures 
Figures 3.2.4 and 3.2.5 show the errors in condensing and evaporating pressure predicted 
by surlace thennocouples versus those measured directly by pressure transducers, respectively. 
Both errors tend to increase with their respective heat exchanger pressure, although the 
evaporating pressure error shows tendencies of being more random in nature. The error for each 
heat exchanger is defined as 
(3.2.7) 
and 
Errorp = Psat@t7is - (p9 + .1Psuct - .1Pevap) evap (3.2.8) 
where .1Pdisc and .1psuct are the discharge- and suction-line venturi pressure drops, .1Pcond and 
.1Pevap are the measured condenser and evaporator pressure drops, and pI and p9 are absolute 
pressure measurements at state points 1 and 9. These absolute pressure measurements were 
made at the throats of the discharge and suction-line venturis, respectively; thus, the venturi 
pressure drops needed to be added to obtain the state point pressures. State points 1, 3, and 9 
coincided with the inlets of the discharge-, liquid-, and suction-line venturis, respectively. 
The error in condensing pressure shown in Figure 3.2.4 is actually in the wrong direction 
due to underprediction of the refrigerant-side condensing pressure. One would expect t2s to 
provide a lower saturation pressure than the refrigerant-side measurements because surface 
temperatures are always lower than refrigerant temperatures for the condenser. The error 
calculation of Equation 3.2.7 is predicated on the fact that t2s is measured at the point where half 
of .1Pcond has occurred. Figure 3.2.4 shows that as the condensing pressure increases, the point 
of half .1Pcond actually moves further downstream from the position of t2s making the saturation 
pressure predicted by t2s higher than the measured refrigerant-side condensing pressure. Thus, 
the condensing pressure error is most attributable to the use of .1Pcondl2, not the error between as 
and the actual refrigerant temperature at state point 2. However, the maximum error of 4 psia 
represents only 1 % of the actual condensing pressure of 400 psia. The error in evaporating 
pressure shown in Figure 3.2.5 is in the correct direction based on the fact that surface 
temperatures are always higher than refrigerant temperatures for the evaporator. The error 
represents up to 4% of the measured evaporating pressure and is related to the prediction of t7i 
with a surface thennocouple and suspected errors in evaporator pressure drop measurements, 
both of which were discussed in Section 3.2.1.2. 
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3.2.15 Mass Flow Rate 
As already discussed, the refrigerant-side measurement of mass flow rate was 
accomplished using a trio of venturi mass flow meters. Obtaining mass flow rate predictions 
using only surface instrumentation requires the use of either energy balances or the compressor 
map supplied by the compressor manufacturer. For the purposes of this investigation, the mass 
flow rate predictions provided by the compressor map were considered the surface 
"measurement" of mass flow rate. These maps are obtained from calorimeter tests for a 
particular compressor model and provide an empirical correlation for mass flow rate based on the 
evaporating and condensing temperatures. The map for the compressor model used in the 
Whirlpool RAe provided mass flow rates between 170 and 320 lbm/hr for condensing 
temperatures ranging from 100 and 140 OF and evaporating temperatures from 30 and 55 OF. The 
flow rate prediction is much more sensitive to evaporating temperature. Since the compressor 
map mass flow rate was intended to represent a surface measurement, Ois and t2s were used as 
the evaporating and condensing temperatures, respectively. 
Figure 3.2.6 shows compressor map mass flow rate prediction versus the liquid-line 
venturi meter measurement. The compressor manufacturer reports an accuracy of ±5% for the 
particular model used in the Whirlpool RAe. As shown, the compressor map predicts within this 
accuracy between about 200-250 lbm/hr. The seven overpredictive points at map flow rates 
above 260 Ibm/hr all had evaporating temperatures above 52 OF with four of them over the 
maximum of 55 oF. The single underpredictive point at a map flow rate of 185 lbm/hr had an 
evaporating temperature of less than the minimum of 30 OF. 
As mentioned previously, t7is tends to overpredict the actual refrigerant-side evaporating 
temperature by an average of 1.4 OF while t2s underpredicts condensing temperature but by an 
unknown amount. Based on the prediction of t7is, it is reasonable to think that the amount of 
underprediction in t2s is within I-2°F. Both of these effects tend to increase the compressor map 
prediction of mass flow rate, but the effect is more pronounced for the overprediction by t7is. A 
1.4 OF overprediction in t7is translates to an overprediction of 5, lbm/hr while a 6 OF 
underprediction is required by t2s for the same increase in map flow rate. Thus, if more accurate 
refrigerant-side measurements were used, the compressor map mass flow rate results shown in 
Figure 3.2.6 would uniformly decrease by about 2%. 
The rms error between the compressor map and the liquid-line venturi was 19.6Ibm/hr 
with a 95% confidence interval of 34.3 lbm/hr. If the eight aforementioned points predicting 
outside the ±5% region are rejected, the rms error becomes 7.1Ibm/hr with a 95% confidence 
interval of 13.9Ibm/hr. The uncertainty in the compressor map mass flow rate as calculated in 
Appendix A was 12.5Ibm/hr or 5.4%. 
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3.2.2 Effect of Refrigerant-Side Instrumentation on RAC Performance 
An important - maybe the most important - factor to consider when installing refrigerant-
side instrumentation in a system which previously had none is the effect that the instrumentation 
will have on system performance. Using measures such as EER, capacity, and mass flow rate, 
the change in RAC performance resulting from the installation of the refrigerant-side 
instrumentation can be determined. Before-and-after comparisons of temperatures and pressures 
throughout the system also provide insight into changes occurring at various state points. The 
comparisons made in this section result from surface thermocouple measurements and 
predictions from R22 Data Sets 1 and 5 since these were the only measurements common to both 
data sets. 
The difference in a parameter or state point temperature resulting from the installation of 
the refrigerant-side instrumentation system is defined as the value obtained at a set of operating 
conditions (indoor and outdoor room temperatures and humidity levels) from R22 Data Set 5 
minus the value obtained at the same conditions from R22 Data Set 1. Thus, a direct measure of 
the increase or decrease in a certain parameter is given by the difference. Figures 3.2.7 through 
3.2.14 show the differences that occurred in eight performance parameters - EER, capacity, RAC 
power, compressor map mass flow rate, evaporating and condensing pressure, superheat, and 
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subcooling. Each plot denotes the line of zero difference, and where appropriate, lines of ±5.0% 
difference. Table 3.2.2 gives the average and 95% confidence interval of the difference in each 
parameter over the entire range of operating conditions while Table 3.2.3 shows the differences 
in ten different system temperature measurements. If a thermocouple was modified in any way 
between the two data sets, it is noted in Table 3.2.3. 
Table 3.2.2 Differences in Eight Performance Parameters Resulting from the Installation of 
Refrigerant -Side Instrumentation 
Parameter 
EER 
Capacity (Btu/hr) 
RAC Power (W) 
Mass Flow Rate (lbmlhr) 
Evaporating Pressure (psia) 
Condensing Pressure (psia) 
Superheat CF) 
Subcooling CF) 
Difference [R22 Data Set 1 - R22 Data Set 5] 
Average ±95% Confidence Interval 
-0.2 0.28 
-1045 724 
-87.5 51.0 
9.0 9.6 
2.0 3.0 
-14.9 10.0 
0.6 3.9 
-5.9 1.8 
Table 3.2.3 Differences in Various System Temperatures Resulting from the Installation of 
Refrigerant-Side Instrumentation 
Temperature Difference CF) [R22 Data Set 1 - R22 Data Set 5] 
Measurement Minimum Maximum Avera&e Modified 
Condenser Air Inlet -3.0 0.6 -1.4 No 
Evaporator Air Inlet -3.7 0.6 -1.3 No 
Compressor Shell 7.0 15.6 11.6 Yes 
Compressor Outlet, to -0.8 8.0 4.4 Yes 
Condenser Inlet, t1 -3.7 5.7 1.7 No 
Condenser 2-phase, t2 -6.1 -1.9 -3.9 No 
Condenser Outlet, t3 0.1 4.3 2.2 No 
Evaporator Inlet, t7 -0.8 3.4 1.3 No 
Evaporator Outlet, t9 -0.4 6.8 2.1 No 
ComEressor Inlet. t1 0 7.1 31.1 16.3 Yes 
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As shown in Figure 3.2.7, the EER was generally unaffected by the installation of the 
refrigerant-side instrumentation, but this resulted from an equal decrease of nearly 5% in both 
capacity (Figure 3.2.8) and RAe power (Figure 3.2.9). This decrease in capacity was 
accompanied by a 3% average increase in the compressor map mass flow rate prediction (Figure 
3.2.10), which means that the enthalpy difference across the evaporator decreased by nearly 8% 
between Data Sets 1 and 5. The decrease in power was a direct result of a decrease in the 
pressure ratio (defined as condensing pressure over evaporating pressure) across the compressor 
as indicated by Figures 3.2.11 and 3.2.12. The large decrease in subcooling throughout the entire 
range of conditions can be attributed to the simultaneous decrease in condenser saturation 
temperature (t2s) and increase in condenser outlet temperature (t3s). The opposing directions in 
these two temperature differences were made possible by decreases in condensing pressure and 
capacity. The decrease in condensing pressure created the drop in t2s while the decrease in 
capacity created less heat transfer from the condenser, which allowed the refrigerant to exit the 
condenser at a higher temperature. Thus, the saturation temperature at the outlet was lowered 
while the actual outlet temperature had risen. The increase in compressor shell temperature 
indicates more heat transfer from the shell, which also helps to decrease the condenser heat 
transfer. 
Unfortunately, the installation of the refrigerant-side instrumentation system was not the 
only alteration that contributed to the differences reported in Figures 3.2.7-14. As shown in 
Table 3.2.3, the evaporator and condenser air inlet temperatures both decreased. These decreases 
were completely independent of the installation of the refrigerant-side instrumentation and 
resulted from parameter alterations to the indoor and outdoor room control systems. As 
documented by Bridges and Bullard (1995), both rooms were controlled at temperatures 
somewhat higher (usually 1°F) than the setpoints due to problematic temperature measurements 
supplied to the controllers. The impact of the controller changes on the present discussion were 
not fully understood at the time they were made. Thus, two competing effects - the decreased 
heat exchanger inlet temperatures and the refrigerant-side instrumentation - were present which 
helped to mask the exact cause of the changes in performance. 
In an attempt to separate these competing effects and isolate their impact on system 
performance, two different examinations were completed. The fIrst was an experimental 
investigation into the effect of charge variation on RAe system performance. A test matrix was 
devised whereby the RAe was operated with R22 charge varying from -10 to +15% (in 5%, or 
0.095 Ibm, increments) of the manufacturer's rated charge of 1.906 Ibm and indoor and outdoor 
room temperatures spanning the original test matrix of Figure 2.1.3. The five room conditions 
chosen were 80/82, 80/95, 80/115, 115/95, and 67/95. This provided RAe performance results 
at variable charge for a constant indoor room temperature (80 OF) and multiple outdoor room 
temperatures and for a constant outdoor room temperature (95 oF) and multiple indoor room 
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temperatures. Figures 3.2.15-18 show the results of the variable charge tests for EER, capacity, 
RAC power, and mass flow rate measured by the liquid-line venturi for the five room conditions 
(each at high fan speed, dry evaporator coil). The line at 1.9 Ibm on each plot represents the 
rated charge. It is interesting to note that a 3% decrease in charge from 1.906 Ibm to 1.849 Ibm 
has only a slight effect on, EER while capacity and RAC power both experienced moderate 
decreases. This is the same effect witnessed in Figures 3.2.7-9 - no change in EER resulting 
from equal decreases in capacity and power. 
The second examination consisted of model data supplied by RACMOD. The rating 
condition of 80/95 was modeled at high fan speed and dry-coil conditions and a charge of 1.906 
Ibm. Each temperature was then increased by 1.5 of to simulate the actual evaporator and 
condenser air inlet temperatures measured from R22 Data Set 1. Using this modeled data and the 
variable charge data, the independent results of each effect on RAC performance can be 
determined and compared to the total difference resulting from the installation of refrigerant-side 
instrumentation. 
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Figure 3.2.18 Effect of Variable Charge on Mass Flow Rate for Differing Room 
Conditions 
Table 3.2.4 shows the performance results from both the variable charge tests with a 3% 
decrease in charge and the model runs at altered room temperatures of 81.5196.5 OF and compares 
them to the overall measured difference in EER, capacity, RAC power, and compressor map 
mass flow rate l resulting from the installation of the refrigerant-side instrumentation. The 
overall difference due to refrigerant-side instrumentation is defmed as the measured parameter 
from R22 Data Set 5 minus that from R22 Data Set 1. The measured difference due to a 3% 
decrease in charge is defined as the measured parameter at 1.906 Ibm and 80/95 minus that at 
1.849 Ibm and 80/95 while the modeled difference due to 1.5 OF decrease in room temperatures is 
defined as the parameter modeled at 80195 and 1.906 Ibm of charge minus that at 81.5196.5 and 
1.906 Ibm of charge (equivalent of measured R22 Data Set 1 conditions). 
The differences in capacity and RAC power due to altered room temperatures and a 3% 
decrease in charge account for about half of the overall measured differences from R22 Data Sets 
1 and 5. Both the variable charge and altered room temperatures results predicted nearly equal 
decreases in EER while the actual overall decrease was only half of the combined difference. 
The overall difference in compressor map mass flow rate between R22 Data Sets 1 and 5 was an 
1 The variable charge results actually used the liquid-line venturi mass flow rate, but since this analysis deals 
with differences, the comparison to compressor map results is still applicable. 
64 
increase of over 6% while both the variable charge tests and altered room temperature model 
results predicted decreases. 
Table 3.2.4 Comparison of Effect of Refrigerant-Side Instrumentation to Independent Effects 
of Variable Charge and Altered Room Temperatures 
., 
Difference in Parameter at 80/95 
Overall Due to Ref- Due to Measured Due to Modeled 
Side Instrumentation 3% Decrease in 1.5 -P Decrease in 
[OS 5 - DS 1] Charge Room Temps 
Parameter Absolute Percent Absolute Percent Absolute Percent 
EER -0.05 -0.6 -0.05 -0.5 -0.07 -0.9 
Capacity (Btu/hr) -707 -4.7 -230 -1.5 -119 -0.8 
RAC Power (W) -83 -4.1 -16 -0.8 -33 -1.7 
Mass Flow Rate 13.9 +6.2 -4.8 -2.1 -2.2 -1.0 (lbm/hr) 
It should not be concluded that the remaining differences in parameters like capacity and 
RAC power are due only to the actual instruments within or attached to the refrigerant tubes. It 
is hard to believe that as much as half of the relatively large differences from R22 Data Set 1 to 5 
are due to the somewhat minor disturbances introduced by the immersion thermocouples, 
venturis, and pressure taps. Some of the remaining differences could easily be attributed to the 
process of installing the instrumentation (i.e. taking portions of the RAC tubing apart and 
rebuilding them, removing and reinstalling the compressor, etc.). As mentioned in Section 
2.2.2.7, oil spills occurred during the process of installing the instrumentation that had an 
unquantifiable effect on the compressor as did the displacement of lubricating oil in the 
accumulator liquid level system. Even though strict efforts were taken to ensure that no 
contaminates entered the system, having the tubes open to the atmosphere for certain amounts of 
time and shaving or drilling holes in wbing and components could have - and probably did -
introduce foreign contaminates into the RAC whose effect can't be quantified. Thus, the 
differences beyond the noncirculating charge and altered room temperatures is probably not due 
as much to the instruments as to the process of installing them. 
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3.2.3 Recommendations for Measurement Methods 
With the various options available for measuring temperature, pressure, and mass flow 
rate in systems such as air conditioners, it is very important to decide what level of accuracy is 
desired or needed before any work is begun. Refrigerant-side instrumentation is inherently more 
accurate than surface instrumentation, but depending on the level of accuracy required, it may 
not be necessary. Applying an a priori uncertainty analysis to the various correlations and 
equations intended for use in a model and comparing this to the desired level of model accuracy 
helps to pinpoint measurements where increased accuracy is important. As well, refrigerant-side 
instrumentation in the form of pressure transducers, mass flow meters, and immersion 
thermocouples costs considerably more than simple surface thermocouples and takes much 
longer to install, depending on the experience level involved. The results outlined in the 
previous sections can be used to determine the difference between the use of surface and 
refrigerant-side instrumentation. Appendix A outlines the basic methods for performing an 
uncertainty analysis on measured data and provides examples of uncertainty analyses performed 
for this report. 
The one major improvement gained from the use of refrigerant-side instrumentation was 
the increased accuracy in mass flow rate provided by the venturis. As shown in Section 3.1, the 
venturis placed in the discharge and liquid lines yielded almost identical results while the 
suction-line venturi was affected by occasional oil blockages and two-phase flow at low or no 
superheat conditions. Since it was more difficult to alter the short and awkwardly-shaped liquid 
line, it is recommended that a single venturi be placed in the discharge line. This requires the 
purchase of an immersion thermocouple, a differential pressure transducer, and an absolute 
pressure transducer. The immersion thermocouple should be located in an elbow or bend just 
upstream of the venturi location as described in Section 2.2.2.1. If no other pressure transducers 
are used in the system, these two may be located inside the air conditioner in a position that does 
not adversely affect air flows or temperatures. Accurate calibration of the venturi can be 
accomplished before installation, assuming a test stand is available to reproduce the discharge 
conditions and venturi orientation. This eliminates the need to install a secondary calibration 
device for an in situ calibration. However, it should be noted that in situ calibrations provide the 
most accurate results by absorbing installation errors. If accurate pressure drop correlations are 
available for both heat exchangers, further differential pressure transducers are not required and 
the correlations and surface thermocouples can be used to estimate superheat and subcooling. 
The fundamental equations for flow measurement with venturis were outlined in Section 
2.2.1.1. These are widely utilized because of their generality and standardization by 
organizations such as ASME and ISO; however, for systems such as RACs where the refrigerant 
conditions upstream and downstream of each component span relatively small ranges of 
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temperature and pressure over the test matrix of steady-state conditions, Equation 2.2.5 can be 
simplified to ease the calibration and data reduction process. Since the discharge-, liquid-, and 
suction-line conditions experience relatively small changes based on the indoor and outdoor 
room temperature ranges, variables such as Fa and Yj experience only slight variations over all 
conditions. Fa for each veI\turi varied by only 0.05%, and for the low temperatures « 300 OF) 
throughout the RAe, it can be disregarded from consideration because it is virtually unity. Yj 
varied by only 0.4 and 0.5% for the discharge- and suction-line venturis, respectively. Since A 
and E are always constant and Cd is calibrated to be constant, many of the variables in Equation 
2.2.5 can be grouped together into one calibration constant. The venturi flow equation then 
becomes 
w= K"'apPi (3.2.9) 
where K is the calibration constant. This form removes uncertainties resulting from diameter 
measurements (note that venturi diameters don't even have to be known for this form) and 
essentially reduces the uncertainty in K to that contributed by the differential pressure transducer 
and the mass flow rate calibration standard, both of which can be as low as money can buy. 
Again, this can be utilized in situations where conditions span relatively small ranges, such as 
specific RAC refrigerant lines. H transient measurements are desired, Y j can be removed from K 
and evaluated at each individual set of conditions. 
As shown in Figures 3.2.1 and 3.2.3, predictions of superheat and subcooling using 
surface measurements with corrections based on measured pressure drops provide errors 
generally less than ±2 OF for superheat and -4 OF for subcooling. Errors in the use of surface 
thermocouples are minimized by the proper placement and installation of each thermocouple 
involved in the prediction. The use of solder or a high conductivity epoxy is acceptable for 
affixing thermocouples to tube surfaces, but proper thermocouple-to-tube contact must be 
ensured and grounding of the thermocouple (usually provided by the data acquisition board) is 
required. 
Insulation is another important consideration for accurate surface thermocouple 
measurements. Porter (1994) performed a detailed finite-difference model focusing on the effect 
of insulation on surface thermocouple accuracy. In general, it is recommended that each surface 
thermocouple be double-wrapped with 2 in. wide, liS-in. thick insulation. Multiple wraps of the 
thermocouple wire around the tube will help minimize the possibility of thermocouple rm 
effects. Factors such as insulation conductivity and refrigerant- and air-side heat transfer 
coefficients may also play significant roles in the choice of insulation. Many instrument 
suppliers offer surface thermocouples with self-adhesive backing that provide good thermal 
conductivity and fast response and can be easily and repeatably applied to tubes and other 
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objects. Repeatability in the method of surface thermocouple installation is important since 
thermocouples may need to be removed or replaced. 
Proximity of surface thermocouples to thermally massive components with temperatures 
much different than the refrigerant being measured should be considered. Suction-line surface 
thermocouple measurements near the compressor shell can be substantially affected by 
conduction. The same can be said for thermocouples on heat exchanger return bends because of 
the proximity of the heat exchanger fins. Conduction errors in refrigerant-side thermocouples 
can be minimized by ensuring that they are immersed at least 1 in. in the refrigerant flow. A 
conduction path is available for large refrigerant-to-air temperature driving potentials. Figliola 
and Beasley (1991) present an analysis of this type of conduction error. 
The predictions of evaporating and condensing pressures as obtained from surface 
thermocouples had maximum errors of 4% and 1%, respectively. If a venturi is installed in the 
discharge line, a direct measurement of discharge pressure is available. Installation of an 
absolute pressure transducer near the evaporator outlet may be necessary if more accuracy is 
required. The use of the pressure tap design given in Section 2.2.2.4 is recommended to ensure 
. the proper pressure is acquired. 
Lastly, it is recommended that any proposed changes to the compressor, accumulator, and 
associated tubing be thoroughly considered before being initiated. Among the risks associated 
with such alterations are oil spills and foreign matter contamination (moisture, dirt, tube 
shavings, etc.), both of which would require much work to correct or repair and could result in 
the need to install an entirely new compressor. The reported modifications made to the 
compressor inlet tube and the accumulator during the course of installing the refrigerant-side 
instrumentation undoubtedly helped create some of the differences in performance quoted in 
Section 3.2.2. 
3.3 Introduction of an Alternative Refrigerant 
In order for RACMOD to be as robust as possible, it not only had to have the ability to 
predict performance for various component designs but also for various refrigerants intended for 
use in air conditioners. This need was introduced by the 1993 Montreal Protocol, which initiated 
a search for alternative refrigerants to replace those which contributed to the depletion of the 
ozone layer by requiring a 100% phase-out by the year 2030. The Clean Air Act of 1990 
imposed a U.S. ban on the use of ozone depleting refrigerants for the year 2010 and a ban on 
production and consumption for 2020. Adding the use of alternative refrigerants to RACMOD 
required experimental validation with at least one such refrigerant. Various alternatives have 
been promoted as replacements for R22 in RACs. One promising alternative is R407C, a ternary 
zeotrope with a 10-12 OF two-phase glide and a 23/25/52 mass percent composition of R32, 
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R125, and R134a, respectively. R407C also has similar saturation pressures to R22 at the same 
conditionsl which is important from a system integrity standpoint. As a result, this was the 
alternative refrigerant (Dupont SUV A® AC9000) chosen for the validation experiments. A 
sample was acquired from Dupont Fluorochemicals and gas chromatograph tests were performed 
to ensure the correct compo,Sition. The tests revealed the actual composition of the mixture to be 
23.2/25.6/51.2 percent by mass of R32, R125, and R134a, respectively. This was deemed 
satisfactory for the purposes of validating RACMOD. 
This section describes the procedures used to retrofit the original R22 system to accept 
R407C and to determine the optimum charge of R407C for the retrofitted system. Recognizing 
that the Whirlpool RAC was not optimized for R407C, comparisons of the performance of 
R407C to the baseline performance of R22 are made solely for the purpose of model validation, 
not to test R407C as a replacement for R22 in RACs. 
3.3.1 Retrofit Procedure 
A number of modifications to the original system are required in order to safely and 
effectively introduce R407C into a system designed for R22. Hall and Johnson (1994), Lunger et 
al. (1994), and Dupont Fluorochemicals (1994) each outline retrofit procedures that may used to 
prepare an R22 system for the use of an alternative refrigerant. The primary goal of these and 
other procedures is to clean the original mineral oil (MO) or alkylbenzene (AB) lubricant from 
the system so that a polyol ester (POE) lubricant can be used. According to Dupont, a retrofitted 
system is generally considered "clean" if the amount of latent MO or AB is less than 3% of the 
original oil charge. The use of POE in retrofitted systems was required because R407C is not 
miscible in MO or AB (Hall and Johnson). Hewitt et a1. (1994), Muir (1994), and Hall and 
Johnson have each summarized their experience with the use of POE and provided 
recommendations for future retrofit endeavors. Carpenter (1992) and Zhu et al. (1993) have also 
reported similar information on retrofits for R12 systems. One of the key recommendations of 
Hewitt et al. was that existing R22 compressors not be charged with POE lubricants because of 
the potential for contamination with latent MO or AB and compatibility conflicts between POE 
and the compressor motor windings. 
When RACs are retrofitted in a research setting, the capillary tubes are often replaced 
with a variable expansion device such as a needle valve to allow the proper amount of pressure 
drop to be set. This is done so that performance can be compared at system operating conditions 
similar to those using R22 at the same set of test conditions (Le., 10 degrees of superheat at 
80/95). Bivens et al. (1994) present R407C results for a similar RAC with a needle valve instead 
of the capillary tubes. Their results show that with the proper expansion device, R407C can be 
1 The condensing pressure is 5-15% higher while the evaporating pressure is 2-8% lower. 
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utilized in new systems with only slight deviations in perfonnance from present R22 systems 
(2% decrease in both EER and capacity). 
Retrofit studies for existing equipment are most applicable to larger (> 3 ton) split and 
central systems which have variable or active expansion devices and for which the cost of retrofit 
is low compared to the retail price. The purpose of the tests described in this section was to 
provide data for the validation of RACMOD with an alternative refrigerant, not to compare the 
performance of R407C in new systems to that of R22 in existing systems. As a result, the 
capillary tubes were left in place because the time, effort, and cost to replace them with a 
variable expansion device was deemed unnecessary. Certain performance comparisons to R22 
are instructive in this validation process and will be presented in the following section. When the 
ability to provide accurate R407C results has been developed in RACMOD, further component 
design studies can be perfonned to aid with new R407C system designs. 
After considering the various options for cleaning the RAC of the latent AB lubricant, it 
was decided to replace the existing compressor with one of the same make and model containing 
modified motor windings and other materials compatible with R407C and POE. This eliminated 
the lengthy and cumbersome step of draining the AB from the old compressor and ensured that 
no harmful contamination or compatibility problems existed. It also meant that the only 
remaining AB was that which circulated in the heat exchangers and connecting tubing. No 
information was available to determine exactly what percentage of the original AB charge this 
constituted, but personal communications with Cleversey and Lech have indicated that it is less 
than the aforementioned 3% acceptable for "clean" systems. The new compressor was already 
charged with a POE lubricant and could be substituted into the RAC once the heat exchangers 
and connecting tubing were purged of any remaining AB. The process used to complete this 
purge was: 
1. The old compressor was removed from the RAC, and the suction and discharge 
lines were sealed and fitted with Schrader valves. 
2. The evaporator and condenser fans were turned on to bring the heat exchangers 
to room temperature (-75 OF), and the system was charged with R22 through 
the discharge line. Running the fan allowed the entire system to be charged 
with nearly 7 Ibm of subcooled liquid R22. 
3. The system was left at room temperature for about twenty minutes to allow the 
R22 to dissolve into the oil. The R22 was then quickly discharged to a low 
temperature tank through the suction line. This provided a fast boiling action 
that enabled the AB to be carried out with the flow of boiling R22. 
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This process was completed twice, but no equipment was available to determine how 
much of the latent AB was removed from the system. 
The only instrument modifications made during the retrofit procedure were the transfer of 
the compressor surface thermocouples from the original R22 compressor to the R407C 
compressor, and the move~ent of the refrigerant-side thermocouple at the compressor inlet (state 
point 10) to the accumulator inlet. The accumulator liquid-level measurement system was 
completely removed from the air conditioner. Figure 3.3.1 shows the R407C system layout. 
3.3.2 Optimum Charging 
Before any performance tests could be run, the optimum amount of R407C for the system 
had to be determined. Lunger et al. reported that the optimum R407C charge for their study of 5-
ton packaged rooftop units was 90-95% of the original R22 charge, but noted that depending on 
the system and component designs, the optimum charge could be greater than the original R22 
charge. They outlined a procedure for determining the optimum charge in R407C retrofits by 
which the system was charged to 80% of the original R22 charge and small amounts of R407C 
were added until the desired operating conditions were achieved. The optimum charge procedure 
used for the R407C tests described in this report was the same as that described in Section 2.2.3 
for the R22 optimum charge determination. The optimum was the charge that provided the 
highest EER at the conditions of 80/95. 
As recommended by Dupont, the R407C was charged as a liquid using the system shown 
in Figure 2.2.10 with the addition of a platform on which the scale and R407C tank were placed. 
This ensured that the tank outlet was at a higher elevation than the metering valve to prevent any 
backflow of R407C liquid upon closing the valve. 
The optimum charge test was started with a charge of 1.62 Ibm of R407C, which 
represents 85% of the original R22 charge; however, this charge level resulted in frosting of the 
evaporator. The first charge that allowed operation without frosting was 1.906 Ibm, the original 
R22 charge. The R407C was added in 0.095 Ibm increments (5%) from 1.906 Ibm until a 
definite maximum EER was revealed, as shown in Figure 3.3.2. From the plot, the optimum 
charge was determined to be 2.1 Ibm. As in Section 2.2.3, the uncertainty associated with the 
charge levels shown in Figure 3.3.2 is ±1.0%. 
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Figure 3.3.2 Measured EER versus Charge from R407C Optimum Charge Test 
3.3.3 Performance Comparisons 
As previously mentioned, the capillary tubes were not replaced with a variable expansion 
device, and performance comparisons between R407C and R22 results are only valid from the 
standpoint of model validation. When model results for the Whirlpool RAC are available, they 
can be validated using the R407C experimental results presented in this section. As a result of 
using the capillary tubes, the test conditions having indoor and outdoor room temperatures lower 
than 80 OF suffered from frosting because the capillary tubes were too long for R407C operation, 
resulting in increased pressure drop and low evaporator inlet temperatures. With the thermostat 
removed for experimental pwposes, the system was unstable in such situations and never reached 
steady-state conditions. Thus, only 29 of the original 40 test conditions shown in the test matrix 
of Figure 2.1.3 could be used to perform the comparisons in this section. 
Figures 3.3.2 through 3.3.4 show the differences in EER, capacity, and RAC power 
resulting from the introduction of R407C. As shown, the R407C system tended to outperform 
R22 at low capacities (low indoor, high outdoor room temperatures) but lost ground as capacity 
increased. The R407C system used nearly 5% more power than the R22 system at nearly all 
conditions. Table 3.3.1 gives the average and 95% confidence interval (absolute and percentage) 
of the differences of other performance parameters over all operating conditions and gives the 
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average difference at the DOE "A" cooling test condition of 80/95. The difference is defined as 
the R407C parameter value minus the R22 parameter value at the same conditions. Note the 
nearly 18% increase in discharge pressure associated with R407C. Most RAC system designs 
should be able to handle such large pressures - sometimes as large as 480 psia - but such safety 
related design issues should ,be accounted for in component designs for alternative refrigerants. 
Table 3.3.1 Performance Differences Between R407C and R22 in RAC with Capillary Tubes 
Difference (R407C - R22) 
95% Confidence At Rating 
Average Interval Condition of 80/95 
Absolute Percent Absolute Percent Absolute Percent 
Condensing Pressure (psia) 59.2 19.1 20.0 2.1 56.4 19.0 
Evaporating Pressure (psia) -5.0 -5.3 5.6 5.2 -4.1 -4.8 
Discharge Pressure (psia) 56.6 17.8 19.7 2.3 53.8 17.8 
Discharge Temperature COF) 5.3 6.6 6.2 
Superheat COF) 11.2 8.7 12.8 
Subcooling COF) 12.2 4.5 11.9 
Mass Flow Rate (lbmlhr) -19.0 -7.8 12.6 5.0 -17.5 -7.5 
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Chapter 4 
Summary and Conclusions 
A refrigerant-side instrumentation system consisting of immersion thermocouples, 
venturi mass flow meters, and pressure transducers was developed and installed in a 1.5-ton 
Whirlpool room air conditioner (RAC) and accomplished the primary goal of providing accurate 
data for the validation of a RAC simulation model (RACMOD). The data allow the most 
suitable pressure drop, heat transfer, and void fraction correlations to be determined for 
RACMOD, and provide accurate refrigerant mass flow rates that can be used to correct those 
predicted by the compressor map or develop alternative empirical correlations. 
Beyond this primary goal, other important aspects and results of the refrigerant-side 
instrumentation were studied. 
Venturi Mass Flow Measurements 
Custom-made venturi meters were installed in the discharge, liquid, and suction lines not 
only to measure RAC mass flow rate but also to determine which refrigerant line was best suited 
for such a measurement. In situ calibrations were performed to determine the discharge 
coefficients for each venturi. The results were as follows: 
• Venturi meters can be used to measure RAC mass flow rate within ±2%. 
• The discharge- and liquid-line venturls provide the best measurement of mass flow rate. 
- The suction-line venturi is hampered by occasional two-phase flow and by oil 
blockages in the pressure sensing tubes. 
- The liquid line may present an awkward installation in RACs, and the proper 
pressure drop through the venturi must be determined beforehand to prevent 
flashing. 
- The discharge line is the most advantageous location not only because it 
provides an accurate masS flow rate measurement but also because it results in 
refrigerant-side measurements of discharge pressure and temperature. An 
immersion thermocouple in the discharge line is much more accurate than a 
surface thermocouple due to a low refrigerant-side heat transfer coefficient and 
a high surface-to-refrigerant temperature difference. 
• In situ calibrations provide constant discharge coefficients for all venturis even though 
the liquid line has Reynolds numbers less than 2 x lOS, which is traditionally regarded 
as the lower limit above which discharge coefficient is constant. In situ calibrations 
also absorb any errors due to installation effects. 
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Comparisons to Surface Measurements 
Surface thennocouples, previously affixed to the refrigerant tubes, provided a basis for 
the initial validation of RACMOD. The subsequent installation of refrigerant-side 
instrumentation allowed the two methods to be simultaneously compared and conclusions to be 
drawn on the use of both methods: 
• Surface thennocouples can be used to provide refrigerant temperatures within ±1-2 OF 
for the two-phase regions and outlets of the condenser and evaporator. 
• Surface thennocouples on the discharge line show errors of -2 to -5 OF because of low 
refrigerant-side heat transfer coefficients and high refrigerant-to-surface temperature 
differences. 
• Surface thennocouples near the compressor inlet are strongly affected by conduction 
from the shell and provide poor measurements of refrigerant temperature. 
• Some important considerations when using surface thennocouples are: 
- In general, use double-wrapped, lI8-in. thick, 2-in. wide insulation (l-in. on 
either side of thennocouple). 
- The proximity of thennocouples to thennally massive components having 
significantly different temperatures than the refrigerant (Le. compressor) should 
be avoided, if possible. 
- Proper application of the thennocouple to the tube surface is of utmost 
importance. Use solder, high conductivity epoxy, or prefabricated surface 
thennocouples with adhesive backing. 
• Surface thennocouples can be used to predict condensing and evaporating pressures 
within ±1 % and ±4%, respectively. 
Effect QfRefriferant-Side Instrumentation on RAe Performance 
Installing refrigerant-side instrumen~tion introduced a certain intrusion on the RAC that 
was exhibited through flow disturbances and increased system volume.·which translated into a 
decrease in circulating charge. The actual process of installing the instrumentation also altered 
RAC perfonnance to some degree. The differences in system perfonnance were determined by 
comparing surface measurements before-and-after the introduction of the refrigerant-side 
instrumentation. This is important to the primary goal of RACMOD validation because changes 
in system perfonnance and operation could influence the use of certain correlations or correction 
factors in the model. Although changes in perfonnance were observed, only a few could be 
quantified or attributed directly to instrument intrusion. However, the following conclusions can 
be drawn: 
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• Refrigerant-side instrumentation does affect RAC performance and operation. The 
EER was changed only slightly, but this resulted from nearly 5% decreases in both 
capacity and RAC power. 
• The refrigerant-side instrumentation added enough volume to remove approximately 
3% of the rated charge from circulation, which contributed 1.5% of the 5% decreases 
in capacity and RAC power. However, increasing the system charge would eliminate 
this contribution. 
• The optimum charge test used in this report (optimum charge equals the charge 
providing maximum EER at 80/95) may not be appropriate for determining the proper 
charge for altered systems because the resulting equal changes in capacity and RAC 
power produce little or no change in EER. 
• Performance changes resulting from increased system volume are avoidable, but those 
created by the instruments themselves and the installation process are not. These 
accounted for nearly half of the total change in capacity and RAC power. Careful 
planning and execution of the installation process can minimize the impact. 
• Any intended alterations or intrusions to the compressor anellor the accumulator should 
be thoroughly contemplated before being undertaken. Always weigh system integrity 
versus the data provided. 
Introduction Q,fAlternative Re[ricerant R407C 
One of the promising replacements for R22 in RACs is R407C. In order to fully validate 
RACMOD for the use of alternative refrigerants, the Whirlpool RAC was modified to accept 
R407C, and tests over a portion of the original test matrix were performed. 
• The purpose of the tests was to validate RACMOD for alternative refrigerants, not to 
test the performance of R407C as a replacement for R22 in RACs. 
• The capillary tube originally designed and optimized for the R22 system was not 
replaced with a variable expansion device for the R407C. The result was higher than 
expected optimum charge, and evaporator frosting was observed at indoor room 
temperatures less than 80 OF. 
• Further analyses are being conducted to determine whether the R407C data can be 
accurately predicted by RACMOD. 
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Appendix A 
Analysis of Measurement Uncertainty 
A.I Measurement Uncertainty Definition 
All of the measurements or calculated quantities in this report have experimental 
uncertainty associated with them. Where applicable, this uncertainty was reported along with the 
result or mentioned in relevant discussions. This appendix gives an overview of the uncertainty 
analysis applied to all measured or calculated quantities and reports the actual experimental 
uncertainty for every quantity considered within this report. 
Two types of uncertainty exist for any measurement or calculated quantity. A priori 
uncertainty is the uncertainty determined before any measurements have been taken and is 
usually determined solely from the manufacturer's accuracy limits (inherent bias error) for each 
instrument. This uncertainty is necessary in the process of experiment design when 
instrumentation is being specified to obtain desired levels of accuracy in certain measurements or 
calculations. This is a very important step in most experimental investigations because it allows 
the investigator to verify that the intended results can be obtained to the desired degree of 
accuracy. Such a precise investigation was not warranted for this report, however, because the 
goal of the refrigerant-side instrumentation system was simply to improve the accuracy of the 
various RAe measurements by whatever amount possible, not to meet certain prescribed 
accuracy criteria. 
A posteriori uncertainty is the uncertainty determined after all measurements have been 
taken and at least accounts for the manufacturer's accuracy and the precision error (confidence 
interval) for each instrument. Other sources of uncertainty can be included such as data 
acquisition or temperature reference accuracies. Such accuracies were not included in this report 
because they were much smaller than any other instrument accuracy. An analysis of a posteriori 
uncertainty should be carried out after every experimental investigation to determine the actual 
amount of confidence that can be placed in a certain measurement or calculation. When 
reporting the results of certain measurements or calculations, an indication of the uncertainty 
should always be given with the result as 
Result = X ± Me (A. 1) 
where X is the measured or calculated quantity and Me is the associated a posteriori uncertainty, 
defined as either 
Me = ~(Bias Error)2 + (Precision Error)2 (A.2) 
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when the result is a strict measurement or as 
AX= ( dX )2 (dX )2 (dX )2 da ~ + db Ab + dC Ac + ... (A.3) 
when the result is a calculation based on other measured quantities, X=!(a, b, c, ... ). The 
uncertainty terms Aa, etc. are calculated using Equation A.2 while the sensitivities dXlda, etc. are 
partial derivatives evaluated using the quantities a, b, and c. The precision error in Equation A.2 
can be defined a number of different ways, but for the calculations in this report it is defined as 
Precision Error = to-l*S (A.4) 
where to-l is the Student t statistic and s is the standard deviation of the result based on the 
number of measurements, n, required to form the average result (Benedict, 1977). All of the 
measurements in this report were averaged over the final hour of data acquisition for each set of 
test conditions and this final hour was always at steady-state. So if the evaporator outlet 
. temperature at 80/95-DRY-HI was reported as 50 °P, this means that the average temperature 
over the final hour of testing at those conditions was 50 oF. Por the most part, the Fluke data 
acquisition system scanned once every five minutes (the indoor room and RAe power DSP 
measurements were scanned every minute), so the final hour of each set of conditions consisted 
of thirteen data points. The t statistic for a 95% confidence interval for thirteen data points is 
2.16. 
A.2 Uncertainty of Measured RAe Quantities 
Most of the variables within this report are directly measured with thermocouples, 
pressure transducers, etc. As indicated in Equation A.2, the uncertainty associated with each of 
these measurements is the root-sum-square of the bias error and the precision error. The bias 
error is given by the manufacturer's stated accuracy for each instrument while the precision error 
is calculated using Equation A.4. Table A.l gives the bias error for each type of instrument used 
in the RAe facility (RAC, indoor room, etc.). Using the data acquired during R22 Data SetS, 
R407C Data Set 2, and the venturi calibrations, the average precision error associated with each 
measurement over the entire span of test conditions was determined from Equation A.4. Table 
A.2 gives the total uncertainty (to 95% probability) for every RAe measurement calculated using 
these bias and precision errors. 
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TableA.l Bias Errors Associated with Each Instrument Used in RAC Facility 
Instrument Bias Error Measurements 
Thermocouple ±O.9 of All RAC surface, refrigerant-side, and air temperature measurements (type-T) 
Absolute Pressure 
±O.5 psia Condenser inlet and evaporator outlet Transducer pressures 
Differential Pressure ±O.063 - ±O.OO13 psid Heat exchanger, venturi, accumulator, and 
Transducer (depending on range) refrigerant line pressure drops 
Micro Motion Coriolis ±1.414*(0.OO2*Awmm Secondary mass flow rate reference for 
Mass Flow Meter + 0.06) lbm/hr venturi calibrations 
RID ±O.2 of Indoor and outdoor room temperatures 
Thermistor ±O.2 OF Themocouple reference temperature 
Valhalla Digital ±O.25% of reading RACpower 
Power Analyzer ± (6 ± 0.75*AT) Watts [AT=Toutdoor30 °C for Toutdoor > 30°C] 
GE Kilo WattHour 
±O turns Indoor room power in conjunction with Meter stop watch 
Stop Watch ±O.5 sec See above 
Sight Glass ±O.031 in. Accumulator liquid level 
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TableA.2 RAC Measurement Uncertainties 
Measurement U ncertain!l: Measurement U ncertaint~ 
Room Power 35 BtuIhr Evaporator Air Grid U 6 1.0 OF 
RACPower 19W Evaporator Air Grid U 7 0.9 OF 
Outdoor Room Air North 0.3 OF Evaporator Air Grid U 8 1.0 OF 
Outdoor Room Air South 0.3 of Evaporator Air Grid D 1 1.4 -p 
Condenser Air Inlet Left 1.0 of Evaporator Air Grid D 2 1.1 of 
Condenser Air Inlet Right 1.3 OF Evaporator Air Grid D 3 No Data 
Condenser Air Grid U 1 No Data Evaporator Air Grid D 4 No Data 
Condenser Air Grid U 2 1.4 of Evaporator Air Grid D 5 1.1 of 
Condenser Air Grid U 3 1.2 of Evaporator Air Grid D 6 1.1 of 
Condenser Air Grid U 4 1.1 of Evaporator Air Grid D 7 1.1 of 
Condenser Air Grid U 5 1.2 of Evaporator Air Grid D 8 1.3 of 
. Condenser Air Grid U 6 No Data Evaporator Air Exit 1 0.9 of 
Condenser Air Grid D 1 No Data Evaporator Air Exit 2 0.9 OF 
Condenser Air Grid D 2 No Data Evaporator Air Exit 3 1.0 of 
Condenser Air Grid D 3 No Data Evaporator Inlet Front 1.0 of 
Condenser Air Grid D 4 No Data Evaporator Inlet Middle 1.0 of 
Condenser Air Grid D 5 No Data Evaporator Inlet Back 0.9 OF 
Condenser Air Grid D 6 No Data Evaporator Inlet Ref-Side 1.2 of 
Condensate 1.0 of Evaporator Outlet 1.1 of 
Condenser Inlet Top 1.0 of Evaporator Outlet Front 1.2 of 
Condenser Inlet Bottom 1.0 of Evaporator Outlet Back Bottom 1.0 of 
Condenser 2ph Top 1.0 OF Evaporator Outlet Back Top 1.0 of 
Condenser 2ph Bottom 1.0 OF Evaporator Outlet Ref-Side 1.6 OF 
Condenser Outlet 1.0 of Accumulator Inlet 1.0 of 
Condenser Cap Tube No Data Accumulator 1 1.0 of 
Condenser Outlet Ref-Side 1.3 OF Accumulator 2 1.1 of 
Indoor Room Air North 0.3 of Compressor Inlet 1.1 of 
Indoor Room Air South 0.3 -p Compressor Inlet Ref-Side 1.4 of 
Evaporator Air Grid U 1 1.0 OF Compressor Outlet 1.0 of 
Evaporator Air Grid U 2 1.0 of Compressor Outlet Ref-Side 1.0 of 
Evaporator Air Grid U 3 1.0 OF Compressor Dome 1.2 of 
Evaporator Air Grid U 4 1.5 of Compressor Sump 1.0 of 
EvaEorator Air Grid U 5 1.0 OF EvaEorator ~E 0.10 Esid 
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Table A.2 - Continued 
Measurement Uncertain~ Measurement U ncertaintl:: 
Evaporator Outlet Pressure 0.69 psia Accumulator A 1.6 OF 
Condenser Inlet Pressure 1.67 psia Accumulator B 1.1 of 
Condenser L\p 0.41 psid Accumulator C 2.0 of 
Suction Line L\p 0.17 psid Accumulator D 1.1 of 
Suction-Line Venturi L\p 0.06 psid Accumulator E 1.0 of 
Discharge-Line Venturi L\p 0.09 psid Accumulator F 1.1 of 
Liquid-line Venturi L\p 0.05 psid Accumulator G 1.1 of 
Accumulator L\p 0.5 in. H2O Accumulator H 1.1 of 
Guard Space Bottom 0.9 of Accumulator I 1.1 of 
Guard Space North 0.9 of Accumulator J 1.1 of 
Guard Space Top 0.9 OF Micro Motion Mass Flow 1.40Ibm/hr 
Guard SEace West 0.9 OF 
. Note: U = upstream, D = downstream, No Data = tbennocoupJe not connected 
A.3 Uncertainty of Calculated RAC Quantities 
Many of the results within this report such as EER and mass flow rate were calculated 
using a number of measured or previously calculated quantities. The a posteriori uncertainty for 
such results is calculated using Equation A.3. This section presents examples of the the 
calculations used to determine the a posteriori uncertainty for each of the venturi discharge 
coefficients and mass flow rates. Uncertainty calculations for other quantities such as capacity 
and EER are discussed, and overall uncertainties are presented for all of the calculated quantities 
used within this report. 
Discharge Coefficient 
The relevant theory behind the discharge coefficient, ~, was presented in Section 2.2.1.1 
while Section 3.1.1 outlined the calibration procedure used to determine Cd for each venturi. 
Only the relevant data from the R22 and R407C venturi calibrations were used to determine the 
uncertainties described in this section. Equation 3.1.1 reported the calculation for Cd as 
(A.5) 
and defmed all the variables. Using Equation A.3, the uncertainty in Cd is 
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( ac )2 (ac )2 (aC )2 (ac )2 (ac )2 (aC )2 -_d_~Wmm + __ d Lill + __ d Mi + __ d ~Yi + __ d ~(~p) + __ d ~p aWmm aE aAi aYi a~p ap 
(A.6). 
The uncertainty in Fa was so small that is was assumed zero and not included in the calculation. 
The sensitivities are simply the partial derivatives of Cd with respect to the indicated variables. 
The measured quantities involved in Equation A.6 are the Micro Motion mass flow rate, Wmm, 
the venturi inlet and throat diameters, Di and dt• the venturi inlet pressure and temperature, Pi and 
Ti, and the venturi pressure drop, L\p. These measured quantities are used to determine the 
calculated uncertainties L\E, Mi, L\ Yi. and L\p for each venturi as follows. 
Velocity Qf Approach Factor, E 
E = ~1_J34J34 = dt4 D.4-d 4 
1 t 
The diameters and the uncertainty in each diameter were determined by repeated 
measurements using a Coordinate Measurement Machine (CMM), except for the liquid-line 
venturi throat diameter for which a Nikon Measurescope was used because the CMM 
measurement head would not fit into the throat. The diameters and 95% probability uncertainties 
are given below. 
TableA.3 Measured Diameters and Uncertainties for Each Venturi 
Inlet Throat 
Measured Measured 
Venturi Location Diameter (in.) Uncertainty (in.) Diameter (in.) Uncertainty (in.) 
Discharge Line 0.3159 0.0002 0.1754 0.0001 
Suction Line 0.5639 0.0011 0.2586 0.0002 
LiguidLine 0.2661 0.0003 0.0967 0.0017 
Applying each of these quantities, the uncertainty in E for each venturi is L\Edisc=O.0006, 
L\Esuct=O.0009, and L\Ellq=0.0048. 
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Inlet Area, Ai 
A. = 1tDi2 
1 4 
1tD· M·=_lW· 
1 2 1 
and Mmsc=O.OOOI, Msuct=O.OOlO, and Mliq=O.OOOI in2• 
Adiabatic Gas Expansion Factor, Yi 
The method of calculating Yi for each of the venturis was presented in Section 2.2.1.1, 
and Equations 2.2.6-2.2.9 defmed Yi based on R22 and R407C for each venturi and refrigerant. 
The general uncertainty in Yi is 
. where a is the respective slope from Equations 2.2.6-2.2.9 and A(Ap) is given in Table A.2 for 
each venturi. Each venturi inlet pressure uncertainty, Api. is equal to ±O.5 psia since any 
differential pressure measurements used to calculate Pi for each venturi have uncertainties much 
smaller than the two absolute pressure measurements. Since the venturi inlet pressure and 
pressure drop change with the test conditions and refrigerants, AYi should not be expected to be 
constant; however, the variations are slight and average values can be used without any loss in 
accuracy. Thus, A Y disc=O.OOO2, A Y suct=O.OOO6, and A Y liq=O, since Y liq= 1. 
Inlet Density, p 
Uncertainties in the measured inlet pressure and temperature provide uncertainty in the 
resulting calculation or table interpolation for the inlet density. Difficulty arises when trying to 
apply these uncertainties because the density is usually determined by a complex equation-of-
state or by,table interpolation. Thus, simplifications must be made to obtain a realistic estimation 
of the uncertainty in density. For the discharge- and suction-line venturis, this simplification 
came of the form of the ideal gas law, which provides a simple yet plausible relationship between 
density, temperature, and pressure. 
Again, this uncertainty varies with varying test conditions and refrigerants, but the variations 
were small enough to allow the use of an average uncertainty. Thus, APdisc=O.OOOI and 
APsuct=O.OOOllbf/in3. 
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A different strategy was employed for the liquid-line venturi since liquid R22 and R407C 
density can be assumed to vary only with temperature. From available data, the saturated liquid 
density was correlated to liquid-line venturi inlet temperature over the range of 80-150 of, which 
spans the condenser exit temperature range for each refrigerant. 
and 
Pliq,R22 = 0.04703 - 2.8588e-5Ti - 2.9298e-7Tr 
Pliq,R407C = 0.04513 - 3.2424e-5Ti - 2.8944e-7Tr 
.1Pliq,R22 = (2.8588e-5 + 5.8596e-7Tj).1Ti 
.1Pliq,R407C = (3.2424e-5 + 5.788ge-7Tj).1Ti 
Once again, accounting for varying temperatures and refrigerant created only small variations in 
the uncertainty, and .1Pliq=0.OOOllbf/in3. 
The uncertainties .1wmm and .1(.1p) are determined using Equation A.2 and are given in 
Table A.3. Thus, substituting these two measured uncertainties, the previous calculated 
uncertainties, and the partial derivatives of Cd evaluated at each set of calibration test conditions 
into Equation A.6 gives the uncertainty in Cd for each test condition and refrigerant. The 
variations due to conditions and refrigerant are once again small, and the average uncertainty for 
each Cd is given below. 
TableAA Discharge Coefficient Uncertainties 
Venturi Location 
Discharge Line 
Suction Line 
Liquid Line 
Absolute 
0.015 
0.036 
0.016 
Uncertainty 
Percent 
1.5 
3.7 
1.8 
While the uncertainties in the discharge and suction-line venturis are very reasonable, the 
uncertainty in the liquid-line venturi is quite high. The main source of error that contributes to 
this 3.7% uncertainty is the uncertainty in the liquid-line venturi throat diameter, which creates a 
3.6% uncertainty in Eliq. Thus, this accounts for nearly all of the uncertainty in Cd for the liquid-
line venturi. However, the results of Section 3.1 indicate that the actual ability of the liquid-line 
venturi to measure mass flow rate is closer to 2%, suggesting that the actual throat diameter is 
very close to the value given in Table A.3. If a more precise measurement device was available 
to fit into the small throat of the liquid-line venturi, the uncertainty in liquid-line mass flow rate 
could be drastically reduced. The uncertainties associated with the discharge- and suction-line 
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venturis result from a fairly balanced contribution from each of the component uncertainties in 
Equation A.6. 
Venturi Mass Flow Rate 
The equation used to calculate mass flow rate using a venturi meter was given in Section 
2.2.2.1 and is repeated here. 
(A.7) 
The uncertainty in mass flow rate is determined from Equation A.3. 
One should note that the uncertainties associated with E and A are not included in this 
calculation. This is because these uncertainties have already been accounted for in the 
uncertainty calculation for Cd. If the actual inlet or throat diameter is different than the measured 
value indicated in Table A.3, the difference was absorbed into Cd during the venturi calibrations. 
Calculation of the uncertainties dCd, dY, d(dp), and dp was presented in the previous section, 
and the sensitivities were evaluated at each applicable test condition from R22 Data Set 5 and 
R407C Data Set 2 to produce the uncertainties in the table below. 
TableA.5 Venturi Mass Flow Rate Uncertainties for Each Refrigerant 
R407C R22 
Venturi Location Absolute (lbm/hr) Percent Absolute (lbm/hr) Percent 
Discharge Line ±4.6 ±2.0 ±4.9 ±2.1 
Liquid Line ±9.0 ±3.9 ±9.4 ±4.0 
Suction Line ±4.7 ±2.1 ±5.6 ±2.4 
U sing the uncertainty calculation methods presented for Cd and mass flow rate, the 
average uncertainty in other calculated quantities was determined over the entire span of test 
conditions and for both refrigerants. These are presented in Table A.6. 
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TableA.6 Uncertainties in Various RAC Calculated Quantities 
Calculated Quantity Absolute Uncertainty Percent Uncertainty 
EER ±O.O6 ±O.9 
RAC Capacity (Btu/hr) ±45 ±O.3 
Room Power (Btu/hr) ±35 ±O.2 
Superheat COF) ±1.6 NA 
Subcooling COF) ±1.4 NA 
Compressor Map Flow Rate ±12.5 ±5.4 (lbm/hr) 
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AppendixB 
Additional Pressure Transducer Information 
This appendix provides supplementary information on the pressure transducers used to 
measure various system pressures and venturi and heat exchanger pressure drops. As discussed 
in Section 2.2.1.2, a stand was designed and built to secure most of the pressure transducers. The 
basis for the design of this stand is presented as is information on its effect on room air 
conditioner (RAe) operation. Information regarding the calibration of all of the pressure 
transducers is also presented. 
B.1 Pressure Transducer Stand 
In order to position and secure the pressure transducers and all associated valves and 
tubing, a stand needed to be designed, built, and installed in the outdoor room. The following 
five constraints were imposed upon the stand's design and placement (in order of importance): it 
had to (1) have minimal interference with the operation of the RAe, (2) allow the condenser and 
evaporator differential pressure transducer inlet ports to be positioned at the condenser and 
evaporator inlet elevations, respectively, (3) structurally secure all the pressure transducers, 
valves, and tubing so as to ensure minimal movement or motion, (4) position all of the pressure 
transducers as close to the condenser outlet grid as possible, and (5) be easily installed, removed, 
and transported by one person. Once the stand was designed and built, a range of test conditions 
was run with the 1.5-ton Whirlpool RAe unit - first without the stand installed and subsequently 
with the stand and pressure transducers installed - to obtain before-and-after data for each test 
condition. This data allowed the characterization, and ultimately minimization, of the effect of 
the stand and pressure transducers on the RAe's operation. 
The primary data used to determine the magnitude of the effect that the stand design had 
on the RAe were the north and south condenser air inlet vent temperatures and the condenser 
upstream air grid temperatures. Figure B.l shows the arrangement of the Whirlpool RAe 
condenser upstream air thermocouple grid: To characterize the stand's effect at the condenser 
load extremes, the test conditions chosen for the comparisons were 115/85, which produces the 
highest condenser load, and 67/115, which produces the lowest condenser load. 
As it turns out, an iterative approach toward the stand design was required to arrive at a 
design that met all five of the aforementioned constraints. The initial (first generation) stand 
design proved to have a moderate effect on the RAe operation and to be structurally sound, but it 
was extremely bulky and required two people to transport and instalVremove. As a result, it was 
quickly dismantled and redesigned (unfortunately, a drawing of this stand showing its placement 
relative to the RAe was not drafted). 
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Figure B.l Whirlpool RAC Condenser Upstream Air Thennocouple Grid Layout 
The second genemtion design shown in Figure B.2 proved more easily managed by one 
person and was subject to more extensive and meaningful tests. The second genemtion stand had 
a relatively large effect on the north inlet and right-most upstream air tempemtures (2, 4, 6), and 
successive component removals/altemtions were attempted to minimize this effect and possibly 
isolate the guilty component(s). The component removal processes and resulting tempemture 
data are shown in Table B.l. All of the components are labeled on Figure B.2. 
TableB.l Effect of Second Generation Pressure Transducer Stand on RAC Operation 
Without With Stand - Com~nent(s) Removed 
Stand None 1,2 3 4 A B,C D 
ThennocouEle Locations1 Measured TemEemtures COF) 
Condenser Inlet South 85.8 85.0 85.3 85.2 85.2 85.1 85.3 86.0 
Condenser Inlet North 92.1 90.0 90.4 90.4 90.4 90.1 90.2 92.1 
Condenser Air Grid 2 95.4 92.7 92.8 92.9 92.9 93.1 93.1 95.8 
Condenser Air Grid 3 87.0 86.5 86.8 86.6 86.7 86.6 86.7 87.2 
Condenser Air Grid 4 93.3 90.7 90.9 90.9 90.9 90.9 90.9 93.4 
Condenser Air Grid 5 90.9 90.4 90.7 90.6 90.6 90.6 90.7 90.8 
Condenser Air Grid 6 91.7 90.2 90.6 90.5 90.5 90.6 90.6 91.8 
1 The Fluke data acquisition terminal for air grid thennocouple 1 was not properly functioning at the time of this 
test and provided no data. However. this location was not critical in determining the stand's effect. 
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As can be seen, the effect that the entire stand (column "None") had on the studied 
temperatures was quite large - especially for thermocouples 2, 4, and 6 and the North inlet which 
are closest to the stand - and remained basically unchanged with the removal of components 1-4 
and A-C. Upon removal of component D (leaving no stand components installed), the 
temperatures returned to their respective "Without Stand" values, leading to the conclusion that 
component D was the sole cause of the temperature discrepancies. In an attempt to eliminate 
component D's effect, a third generation stand was developed as shown in Figure B.3. When 
tested at 115/85, this design had no significant effect on the primary temperature data (i.e. - the 
"With Stand" temperatures were within the thermocouple uncertainty ranges prescribed in 
Appendix A of the "Without Stand" temperatures) and proved to meet all of the other constraints 
placed on the design. This design was subsequently tested at the 67/115 condition and again had 
no significant effect on the primary data. The results of the third generation stand testing are 
shown in Table B.2. 
Table B.2 Effect of Third Generation Pressure Transducer Stand on RAC Operation 
115/85 67/115 
Without Stand With Stand Without Stand With Stand 
ThermocouEle Location Measured TemEeratures rF) 
Condenser Inlet South 85.8 85.8 114.6 114.5 
Condenser Inlet North 92.1 92.1 117.6 117.6 
Condenser Air Grid 2 95.4 95.2 117.3 117.1 
Condenser Air Grid 3 87.0 87.0 115.5 115.4 
Condenser Air Grid 4 93.3 93.1 114.9 115.0 
Condenser Air Grid 5 90.9 90.9 117.4 117.3 
Condenser Air Grid 6 91.7 91.6 116.2 116.2 
94 
4.0 0 
Lo 
o 
o 0 
o 
14----1*--- 3.0 
1. 5 All Unistrut 
26.5 
o 
o 
o 
f4------ 15.5 ----~ 
f4--------------36.0--------------------------~~ 
Sensotec Model Z Differential 
Pressure Transducer 
b3.od 5/8" Unistrut Pipe 
~[ P Clasp 
3.5 ~ 0 0 oD D ,. 
~[ p 
.1= Q~ 
1.4 
Notes: Second Generation Pressure 
• All dimensions in inches Transducer Stand 
• View from North Last Update: 06/22/96 
• Scale: 5: 1 inches Drawn By: Aaron Jensen 
Figure B.2 Second Generation Pressure Transducer Stand 
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Figure B.3 Third Generation Pressure Transducer Stand 
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B.2 Pressure Transducer Calibrations 
Each pressure transducer was calibrated against a dead weight tester except for the 
accumulator liquid-level differential pressure transducer, which was calibrated against an 
inclined manometer. The following pages provide all applicable calibration data and the 
correlations for each venturi. Table B.3 notes the serial number of each transducer and the 
corresponding measurement so the proper correlations can be referenced. 
Table B.3 Supplementary Pressure Transducer Information 
Measurement Model Range Serial Number 
High-Side Absolute TIEn13-18 0-500psia 357674 
Low-Side Absolute TIEn13-18 0-500psia 359842 
Evaporator .1P Z/5556-05 ±lOpsid 358530 
Condenser .1P Z/5556-02 ±25 psid 369989 
Suction-Line .1P Z/5556-01 ±lOpsid 358543 
Suction-line Venturi.1P Z/5556-01 ±5 psid 458492 
Liquid-line Venturi.1P Z/5556-01 ±5 psid 366967 
Discharge-line Venturi.1P Z/5556-01 ±5 psid 458499 
Accum. Liquid Level Z/5556-06 ±O.5 psid 370998 
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-1.4154 0.3107 0."82 -0.100' 
-0 .... 7 0.1571 0.3'" -0.3983 
-0.4150 0.0311 0.017' -0.1071 
0.0117 0.0000 0.0001 0.0083 
/ 0.5044 0.0411 0.1031 0.2045 1.0122 0.1112 0.412' 0.407' 1.5041 0.31S1 0.1102 0.'048 
V '.500 
'.000 
1.1171 0.1401 1.5100 0.1005 
i / 
V 
/ 
/ 
L 
V 
/ 
V 
'.500 
I ..., .. 
I .. 500 
1 j .. 000 
1.500 
1.000 
0.500 
0.000 
Slope • 2.411 I!pII/(mVlVlI 
IpIl1 
_IIICFSSIopo. 2.4n (pllllmY/VlI 
0.000 ,.GOO •• 000 3.000 4.000 5.000 
TruoP ....... (pIId) 
PrecIIcIod DIll. '!Io~ '!loR! 
(Pred. - Act.) EmIf EmIf 
(pol, 
-0.004 100.00 -0.01 
-0.003 -0.54 -0.01 
-0.001 -0.10 -0.02 
0.001 0.01 0.03 
0.003 0.13 0.05 
0.004 0.11 0.01 
0.005 0.11 0.10 
0.003 0.10 0.07 
0.002 0.05 0.04 
-0.003 -0.07 -0.07 
-0.007 -0.14 -0.14 
...... 
0 
VI 
__ CiIII __ 
""'"-Tr ___ 1nIorrnIIIIon 
~ 8_0_ _: 
%155"-01 
AI ..... 500 .. 1 0_
'IN 
el ..... "" .. -0.0004 
Tomper .... 74~F 
1:2 .......... -0.000.5 
~ W~. 
--
-
""'"- ~ (WP.poI) ca .... Hg) 
0 0.000 744.5 
I 0.501 n4.5 
2 1.001 n4.5 
3 1.501 744.5 
4 2.002 744.5 
5 2.50' 744.5 
I 3.002 744.5 
7 3.510 744.5 
I 4.003 744.5 
• 4.'81 744.5 1O 4.'31 744.5 
5.000 
-_: 
F8c:...-. 
--~ ca.In.~ 
28.31 
28.31 
28.31 
28.31 
2'.31 
2'.31 
2'.31 
28.31 
28.31 
2'.31 
2'.31 
,. .. 17 
5.000 poId 
~ eorreclOd 
_... 
W~I 
-... -... 
cP ..... poI) (CWP.PIII 
.-141Iil YteU:&h~ 
".332 0.000 
".332 0.501 
".332 1.000 
".332 1.507 
".332 2.001 
".332 2.50' 
".332 3.000 
".332 3.5o, 
".332 4.00' 
".332 4.414 
".332 4.t21 
Exd_: 
FSCoIb.F_: 
-..,. 01_' .. 
-... 
(DP.poI) 
IiW! 
0.000 
0.501 
1.000 
1.107 
2.001 
2.501 
3.000 
3.501 
4.00\ 
4.4" 
4.UI 
Pr ... ur. TrenHuc.r Calibration PI 
10.000 vol. 
2.0072 mYlV 
DIIIt _: "22/.5 PerformedBr. __ 
_ Supply Ir1M VGIIIge Tr ___ ~VGIIIge 
(Vol., (PI. mVl 
SlIb! 
-. Ro-a -I Aaatnaz Blilbli 10.007 10.007 10.007 -1.203 -1.204 -1.203 
10.007 10.007 10.007 o.uo 0.1" o.UO 
10.001 10.00' 10.00' 2.12' 2.l2t 2 .• n 
10.00' 10.00' 10.001 4.'75 4.ln 4.175 
10.001 10.00' 10.00' ' .• 57 1.155 1.'51 
10.00' 10.001 10.00' .... 5 '.19' '.19' 
10.007 10.007 10.007 10 .• 75 lO .• n .0 .• 74 
'0.007 10.007 10.007 12.t04 12.t04 12.tO' 
10.007 10.007 10.007 ".180 ".17' .... It 
'0.007 10.007 10.007 11.1" II.Ut 11.'31 
10.007 10.007 10.007 11.571 11.5&1 11.571 
RegreuIon 
·2.49st 1.0051 2.5031 
-1.9112 0.1371 I.Sllt 
.1.'8" 0.3100 0."72 
·0.tI17 0.15'5 0.3t" 
-0.4950 0.0390 0.Ot71 
0.0117 0.0000 0.0001 
/ 0.5044 0.0"1 0.'028 1.0122 0.1157 0.4120 1.5041 0.315. O.tOt3 4.500 
4.000 V \.t971 O.Utt 1.5910 
3.500 
I 3.000 
I '.500 
II i t.OOO 
1.500 
1.000 
0.500 
0.000 
/' 
V 
/ 
V i 
/' 
V 
/ 
V 
Slope. 2.493 
_tecFSSIope= 2.'8' 
0.000 1.000 '.000 3.000 4.000 5.000 
TruoP ....... (pIid) 
~ _DIll. 'IIo~ 'IIoFS 
Av.ago Prod ... "" (Prod. - Act, Em>r Em>r 
(mV/VI (pll, (pII, 
-0.1202 ·0.00. ·0.004 100.00 ·O.Ot 
o.OUO 0.501 ·0.003 -0.10 ·0.01 
0.212' 1.000 0.000 -0.0. -0.01 
0.'171 1.110 0.003 0.17 0.05 
0.'151 2.003 0.003 0.'3 0.05 
0.18" 2.51\ 0.004 0.1.5 0.0' 
1.0187 1.005 0.004 0." O.Ot 
1.28,. 3.51\ 0.003 0.07 0.05 
1.'I1t 4.002 0.002 0.04 0.03 
1.&111 4.410 -0.003 -0.07 ·0.01 
1..557 4.U2 -0.00' ·0.13 ·0.13 
-1.002t 
-0.7918 
-0.1000 
-0.3955 
-0.'975 
0.0062 
0.2040 
0.4070 
0.1042 
0.1000 
Ip,'/(mYlVII 
IpIl1 
Ipsl/(mVIVII 
...... 
0 
0\ 
-----
"' ...... T,_1nIorrndM 
~: 
_ ...
_  
V5551-01 
AI~" 500 II 
La_ 41 N 
el ..... dI .. -0.0004 
T.."._. 74 cIog.F 
ez ..... dI .. -0.00015 
~ W." 
_. 
-
......... ~ 
(wp,poI) (B,nmHg) 
0 0.000 744.5 
I 0.501 744.5 
2 1.001 744.5 
3 1.501 744.& 
4 2.002 744.& 
5 2.5ot 744.& 
• 3.002 744.& 7 3.510 744.& 
• 4.003 744.& 
• 4.4" 744.& 10 4.111 744.& 
--
Fa~ 
--~ (I,1n. MIl 
21.31 
21.31 
21.31 
21.31 
11.31 
2'.31 
21.31 
2'.31 
21.31 
2'.31 
21.31 
4514" 
&.000 psId 
Exdtatlon: 
Fa CoIIb. F_: 
CoIcUotod e ..... tod _ -...' 
Amblenl W." D111o"" •• 
10.0 volll 
2.0030 mY/V 
Dolo _: 4/2211& 
_By: AonIn_ 
......... ......... ......... _S~Ir1UV~ T'_OUIputV~ 
(P_,poI) (ewp,,,,,, (OP,poI) (VollI) (PI, mV) 
~1iL_WI'!1+ehC2I __ CW' _____ , ___ 2. __ Re_S Re_, Re_2 Re_3 
14.332 0.000 0.000 10.007 10.007 10.007 -0.0.7 -0.0'7 -0.0'7 
14.332 0.50' 0.&01 10.007 10.007 10.007 1..4' 1.'50 1.14. 
14.332 1.000 1.000 10.00' 10.00' 10.00' 3.137 3.135 3.137 
14.332 1.&07 1.&07 10.00' 10.00' 10.00' 5.... &.... & ... & 
14.332 2.001 1.001 10.00' 10.001 10.00' 7.... 7.... 7.'72 
14.332 2.50' 1.&01 10.00' 10.00' 10.00' 10.00' 10.013 10.012 
14.332 3.000 3.000 10.007 10.007 10.007 11..11 11.111 11.110 
14.332 3.50' 3.&01 10.007 10.007 10.007 14.024 14.025 14.011 
14.332 4.001 4.001 10.007 10.007 10.007 11.001 15.117 15.11' 
14.332 4.414 4.414 10.007 10.007 10.007 17."0 17.183 17.1&3 
14.332 4.'11 4.111 10.007 10.007 10.007 11.117 11.'95 11.117 
~ 
Av •• "'ocIeton 
(mY/V) (pll) 
-0.0017 .0.004 
0.114' 0.501 
0.3133 1.000 
0.5111 1.110 
0.7"2 1.003 
1.0003 1.111 
1.1114 3.001 
1.4011 3.111 
1.51" 4.001 
1.7141 4.411 
1. .. 13 4_111 
""'" ,.·-~t~~!!fr" mi,~vT"" 
2.5053 -1.003' -",41111:)1111 1.UU19 
-1."12 0.&311 I.sal2 ·0.7113 
Pr ... UN Tranaduc.r Callbrmlon PI -1.4e54 0.3eol 0.11'4 -0.'001 
-0 .... 7 0.1561 0.3115 -0.3910 
-0.4950 0.0311 0.ot71 -0.197. 
5.000 
4.500 
".000 
3.500 
I 3.000 
· j .. 500 
1 j .. 000 
1.500 
1.000 
0.500 
0.000 
/ 
/' 
./ 
/ 
./ 
/' 
./ 
/ 
./ 
/ 
0.0117 0.0000 0.0001 0.0012 
0.5044 0.0417 0.1030 0.2043 
1.0122 0.1111 0.4125 0.4075 
1.5041 0.3857 0.11 00 0.1047 
1 . .,71 0.1414 I.,," 0.'001 
Slope. 2.411 (pIII(mY/V)) 
(pII) 
SensoIacFSSIope= 2.411 (pIII(mY/V)) 
0.000 1.000 •. 000 3.000 '.000 5.000 
TnIoP ....... (pIid) 
"'_0lIl. '!Co~ '!CoFS 
("'ed .• Act) Enar Enar 
(pll) 
·0.004 100.00 ·0.08 
·0.003 -0.53 -0.05 
-0.001 
-0.0' -0.02 
0.002 0.11 0.05 
0.002 0.11 0.04 
0.004 0.,& 0.0' 
0.004 0.14 0.0' 
0.003 0.0' 0.01 
0.-001 0.03 0.02 
-0.003 ·0.07 ·0.01 
-0.00' -0.12 -0.12 
AppendixC 
Additional Venturi Information 
The following pages contain all information provided by Flow-Dyne Engineering 
regarding the design of the venturi meters. The throat and inlet pressure taps for each venturi are 
0.04 in. in diameter while the throat length is one throat diameter. 
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119 Mccbanical Eoginccring LaboratOJy 
lOS South Mathews St 
Urbana, DIinois 61801 
AttcIdion: 
Subject: U.L at Urbana-cbampaign P.O. JR S1183 D 
LadicslGentlemen: 
P1casc keep this booklet. It contaios: 
TECHNICAL DATA 
FOR 
VENTURI FLOW METERS 
FLOW-DYNE ENGINEERING 
PIN: V05009S-BSW; SIN: 35251 
PIN: V060175-BSW; SIN: 35252 
PIN: Vl00l58-BSW; SIN: 35253 
1. PerfOlDllDCC Cmw md Data for SIN: 35251 
2 PcrfOlDllDCC Cmw and Data for SIN: 35252 
3. PcrfODlllDCC Curw and Data for SIN: 35253 
4. TnstaDItjon DrawiDp 
S. Copies of Abow 
• Consulting 
• DeSign & Testing 
• Development 
• Manutactunng 
• CalIbration 
• SOftware 
07 March 1995 
1'hIDk you for 1biB uppoilUdity to be of __ . 
SiDccnly, 
/k.U~c:> 
GeraldKwm 
~
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FLOW-DYNE E"giueri"" I"e. 
fLOWMl1lI.S-=-U~.'~ 0. •• _ C~_k 
P. o. eox 0034 
FORT WORTH. TEXAS 78107 
(817) 732-28511 
VENTURI PIN :V050095-BS\.,' 
S/N:35251 
THR04T DlA:O. 095" 
LINE SIZE :5/16 O.D. x.02:2 TUB. 
LENGTH:2.73" 
VENTURI PERFORMANCE CURVE 
CURVE BASED ON PROPERTIES 
FOR R22 LIQUID 
AT 90F AND 222 PSIA 
'J lbm 
DENSITY = 72.64 .FT 3 
VISCOSITY = 1.328E-4 flbm 
t*sec 
FLOW RATE-
2 CYCLE 
FOR R22 LIQUID 
10 
4 •• 1 
LBM/SEC 
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SUB-SONIC PRIMARY ELEMENTS 
**** Performance Data **** 
Based Upon: 
Mass Flow Rate of Liquid 
Primary Element Type - Venturi 
Discharge Coefficient Model - Theoretical 
Flowing Fluid - R22 
Throat Diameter (inches) 
Inlet Static Pressure (psia) 
Inlet Static Temperature (R) 
0.0950 
222.0000 
549.0000 
Differential Pressure Units - psid 
Inlet Density of the Fluid (lbm/ft-3) 
Absolute Viscosity of the Fluid (lbm/ft*sec) 
Internal Diameter of the Inlet Piping (inches) 
Coefficient of Thermal Expansion for the 
Element Material (inch/inch*F) 
Performance Results: 
72.6400 
0.1328E-03 
0.2685 
0.95E-05 
DP - Differential Pressure (P1-P2), psid 
M - Mass Flow Rate, Ibm/sec 
DP/P1 - Delta P over PI 
Re - Throat Reynolds Number 
DP DP/Pl Flow Rate 
7.000 0.0315 0.10550E+00 
5.000 0.0225 0.89016E-Ol 
3.000 0.0135 0.68758E-Ol 
2.000 0.0090 0.56000E-Ol 
1.000 0.0045 0.39402E-Ol 
0.500 0.0023 0.27695E-Ol 
0.300 0.0014 0.21342E-Ol 
0.100 0.0005 0.121S2E-Ol 
Cd 
0.97923 
0.97761 
0.97487 
0.97243 
0.96761 
0.96184 
0.95688 
0.94367 
110 
Re 
Cd - Discharge Coefficient 
Beta Ratio (D2/D1) = 0.354 
0.1278E+06 
0.1078E+06 
0.8327E+05 
0.6782E+05 
0.4772E+05 
0.3354E+05 
0~2585E+OS 
o .1472E+OS 
..... 
..... 
..... 
CAUTION 
AVOID EXCESS HEAT 
WHEN SD..IIERDG 
t 
.at , 
HlIIt HEAT MY DISTORT 
ClOSE TlLERANCE AREAS 
I- un .. I 
I.. U!S .. I 
V050095-B5W BRASS 
Q1Y PART NO. DESCRIPTION MATERIAl. 
UST OF MATERIALS 
UIII.£SS CJIHEIIIIISt SPEDFIED: 
'IOUJW«:O 
2 PIAC£ DECIW. +1- .010 
;S PIAC£ DUIIoW. +I-.IOS 
OWN.BY DATE 
MS ... 7 MAR 95 
CHECKEO 
FLOW - DYNE Engineering. Inc. 
P.O. BOX 1111855 FORT WORTH TEXAS 78181 
nw:noN +l- 1'14 
NICUINI +1- -)0' 
RDICM: IUIIIIS NIl 
IIRDK MI. CORNERS 
.oos 1IAlCIIoIUU. 
MI._MElt 
IIICIIElI 
DO NOT SCAlE 
HCI1lCI 
EHGRG. 
PIIOPRIETAIIY IIGHI'S IN\IOI.\IED 
~ 817 281-8448 F~ 817 581-0938 
TI11..E 
VENTURI FLOWMETER 
INSTALLA T/oN 
SOCKET WELD ENDS 
_ .. w.--= 
GA""'="'i 'A~-""=~ I SCALE NONE I SHEET OF 
FLOW-DYNE E.,; •• erl." I.c. fLOWMI1III---rlt,.,. G...... C~k 
P. O. BOX e03. 
FORT WORTH. TEXAS 78107 
(<<517) 732-28511 
VENTURI P!N:V060175-BS\,' 
S!N:3525: 
THR04T DlA:O. 175" 
LINE SIZE:3/8 O.D. x .027 n:: .. 
LENGTH: 2. 87" 
VENTURI PERFORMANCE CURVE 
TS 06 MAR 95 
CURVE BASED ON PROPERTIES 
FOR R22 GAS 
AT 185 -f. AND 325 PSIA. 
SPECIFIC HEAT RATIO, It. - 1.38 
GAS CONSTANT, R-
COMPRESS. FACTOR, Z - O. IR60 
VISCOSITY, .."u. - 0.0399 ft*~r 
CURVE PARAMETERS: 
W'" MASS FLOW RATE-LII !':ec 
T,· INLET TEMP.-~ . 
P,-INLET PRESSURRE-PSIA 
AP = DIFFERENllAl PRESS.-PSI 
.. , 
j II 
FOR R22 GAS 
• 1 
001 
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MAlL - p.o. Box 161655 • Fort WOrth. leu. 76161-1655 
PLANT - .108 Garland DriVe • Fort WOrth, ....... 76117 
TEL. 817-281-6448 FAX: 817-581-0936 
'Consulrmg 
• DesIgn & Testing 
• Development 
• Manutactunng 
• GaJibratlOn 
• Software 
Date 03-06-1995 Time 12: 39 : 13 
SUB-SONIC PRIMARY ELEMENTS 
**** Performance Data **** 
Based Upon: 
Mass Flow Rate of Gas 
?rimary Element Type - Venturi 
Discharge Coefficient Model - Theoretical 
Flowing Fluid - R22 
Throat Diameter (inches) 
Inlet Static Pressure (psia) 
Inlet Static Temperature (R) 
Differential Pressure Units - psid 
Molecular Weight of the Gas (lbm/lbm*mole) 
Specific Heat Ratio of the Gas 
Compressibility Factor of the Gas 
Inlet Density of the Fluid (lbm/ft A 3) 
Absolute Viscosity of the Fluid (lbm/ft*sec) 
Internal Diameter of the Inlet Piping (inches) 
Coefficient of Thermal Expansion for the 
Element Material (inch/inch*F) 
Performance Results: 
0.1750 
325.0000 
644.0000 
86.4800 
1.3800 
0.7060 
5.7604 
0.1108E-04 
0.3210 
0.95E-05 
DP - Differential Pressure (PI-P2), psid DP/Pl - Delta P over PI 
M - Mass Flow Rate, Ibm/sec Cd - Discharge Coefficient 
Re - Throat Reynolds Number Beta Ratio (D2/Dl) = 0.545 
Xc - Critical Delta P over PI = 0.4515 
FC - Flow Coefficient, (Flow Rate)(TI A .5)/(Pl) 
Tl - Inlet Temperature (R) Y - Gas Expansion Factor 
DP 
7.000 
5.000 
3.000 
2.000 
1.000 
0.500 
0.300 
0.100 
DP/Pl 
0.0215 
0.0154 
0.0092 
0.0062 
0.0031 
0.0015 
0.0009 
0.0003 
Flow Rate 
0.10472E+00 
0.88792E-Ol 
0.68968E-Ol 
0.56366E-Ol 
0.398S7E-Ol 
0.28147E-Ol 
0.21768E-Ol 
0.12508E-Ol 
Cd 
0.99031 
0.98969 
0.98864 
0.98770 
0.98585 
0.98363 
0.98173 
0.97670 
113 
Re 
0.8252E+06 
0.6997E+06 
0.5435E+06 
0.4441E+06 
0.3141E+06 
0.2218E+06 
0.171SE+06 
0.98S6E+OS 
FC 
0.8177E-02 
0.6933E-02 
0.5385E-02 
0.4401E-02 
0.3112E-02 
0.2198E-02 
0.1700E-02 
0.9767E-03 
Y 
0.9867 
0.9905 
0.9943 
0.9962 
0.9981 
0.9991 
0.9994 
0.9998 
-
-,f::Io. 
f 
.an 
, 
CAUTION 
AVOID EXCESS HEAT 
\/HEN SlLIlERItD 
HIGH HEAT MAY DISTJIRT 
a.DSE TlLERANCE MEAl 
I_ U7I --I 
I_ usa -I 
1 - .7111 - 1 
1 Y060175-BSW BRASS 
Q'TY PART NO. DESCRIPTION MATERIAl 
UST Of MATERIALS 
IIIU5S IIIHEIIWISE SP£CIf1EII: 
1OlDWICO 
2 PIAI:I IBIIW. +/-.010 
:I PIAI:I IBIIW. +/-.005 
OWN.BY DATE 
"S" 7 .. AR .5 
CHECI\~u 
FLOW - DYNE Engineering, Inc. 
p.o. BOX 181866 FORT WORTH TEXAS 78181 
TIL: Ill? 2111-SUII FAX: 1117 581-0138 
nw:naN +/.- tiM 
___ +1--!JD' IIEIIIM:_ MID 
IRfM M1. COIIIIERS 
.oos IMXIIUII. M1. IIIIIJISIONS _ II 
IIICItEI 
DO HCIf sc:M.I 
eRG. T1TlE 
VENTURI FLOWMETER 
INSTALLA TION 
SOCKET WELD ENDS 
"=---'1'1\&-= I ~1SCAl£ NONE SHEET 
, I 
'OF 
FLOW-DYNE E",;.nri",. I"e. 
ILOW ............... '., V.r'I' C.,.,M_ 
P. O. BOX 803. 
FO"T WORTH. TEXAS 781.07 
(817) 732-2858 
VENTURI P/N:VI00258-BS\-, 
SIN: 35253 
THR04T DlA: 0.258" 
LINE SIZE: 5/8 D.D. x .027 Tn. 
LENGTH: 4.00" 
VENTURI PERFORMANCE CURVE 
TS 06 MAR 95 
CURVE BASED ON PROPERTIES 
FOR R22 GAS 
AT 35 ·F. AND 76 PSIA. 
SPECIFIC HEAT RATIO, K· 1.299 
GAS CONSTANT, R-
COMPRESS. FACTOR. Z· 0.8'H9 
VISCOSITY,."u. - 0.0294 Ibm 
ft*hr 
CURVE PARAMETERS: 
W = MASS FLOW RATE -Ll/ sec 
T,· INLET TEMP.-ea 
P,·INLET PRESSURRE-PSIA 
AP = DIFFEREN'flAL PRESS.-PSI 
Z U I 
FOR H22 GAS 
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SUB-SONIC PRIMARY ELEMENTS 
**** Performance Data **** 
Based Upon: 
Mass Flow Rate of Gas 
Primary Element Type - Venturi 
Discharge Coefficient Model - Theoretical 
Flowing Fluid - R22 
Throat Diameter (inches) 
Inlet Static Pressure (psia) 
Inlet Static Temperature CR) 
Differential Pressure Units - psid 
Molecular Weight of the Gas (lbm/lbm*mole) 
Specific Heat Ratio of the Gas 
Compressibility Factor of the Gas 
Inlet Density of the Fluid (lbm/ft·3) 
Absolute Viscosity of the Fluid (lbm/ft*sec) 
Internal Diameter of the Inlet Piping (inches) 
Coefficient of Thermal Expansion for the 
Element Material (inch/inch*F) 
Performance Results; 
0.2580 
76.0000 
494.0000 
86.4800 
1.2990 
0.8919 
1.3900 
0.8167E-05 
0.5710 
0.95E-05 
DP - Differential Pressure (PI-P2), psid DP/Pl - Delta P over PI 
M - Mass Flow Rate, Ibm/sec 
Re - Throat Reynolds Number 
Xc - Critical Delta P over PI = 0.4460 
Cd - Discharge Coefficient 
Beta Ratio (D2/Dl) = 0.452 
FC - Flow Coefficient. (Flow Rate)(Tl·.5)/(Pl) 
Tl - Inlet Temperature (R) Y - Gas Expansion Factor 
DP 
7.000 
5.000 
3.000 
2.000 
1.000 
0.500 
0.300 
0.100 
DP/Pl 
0.0921 
0.0658 
0.0395 
0.0263 
0.0132 
0.0066 
0.0039 
0.0013 
Flow Rate 
0.10386E+00 
0.89270E-Ol 
0.70257E-Ol 
0.57788E-Ol 
0.41120E-Ol 
0.29128E-Ol 
0.22554E-Ol 
0.12974E-Ol 
Cd 
0.98998 
0.98938 
0.98835 
0.98741 
0.98554 
0.98329 
0.98135 
0.97621 
116 
Re 
0.7531E+06 
0.6473E+06 
0.5094E+06 
0.4190E+06 
0.2982E+06 
0.2112E+06 
0.1635E+06 
0.9408E+05 
FC 
0.3037E-Ol 
0.2611E-Ol 
0.2055E-Ol 
0.1690E-Ol 
0.1203E-Ol 
0.8518E-02 
0.6596E-02 
0.3794E-02 
Y 
0.9427 
0.9593 
0.9757 
0.9838 
0.9919 
0.9960 
0.9976 
0.9992 
-
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